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I
ABSTRACT

Thermodynamic end related properties of substances important in
current high-temperature research and development activities are
being investigated under contract with the U. S. Air Force Office of
Scientific Research (USAF Order No. OAR ISSA 65-8) and the Advanced
Research Projects Agency (ARPA Order No. 20). This research program
is a direct contribution to the Interagency Chemical Rocket Propul-
sion Group, Working Gron on Thermochemistry, and, often simultane-
ously, to other organizations oriented toward acquiring the basic
information nseýed to solve not only the technical problems in
propulsion but also those associated with ballistics, reentry, and
high-strength high-temperature materials. For given substances this

needed basic information comprises an ensemble of closely related
properties being determired by a rather extensive array of experi-
mental and theoretical techniques. Some of these techniques. by
relating thermodynamic properties to molecular or 'crystal structure,

j make it possible to tabulate these properties over far wider ranges
of temperature and pressure than those actually employed in the
basic investigations. -

report presents improved values for the heats of formation
and some other thermodynamic properties of a number of light-element
substances -- resulting from recent NBS experimental studies
(calorimetric, vaporization, and spectroscopic) and critical litera-
ture review. Methods, results, and earlier published values are
discussed critically and in detail. The standard he~t of formatior.
of BF(g) was determined by direct combination of t)6 elements •ni•
a bomb calorimeter and with an estimated e o f -0.5 kcal (-ij•
OF2(g) was found to be endothermic (+5.86÷#.3 kcal mol(& ) from
flame calcrimetry on the reactions of OF, ,", and F2 wih H. The

Sre.... _ of arecisa entrainment (transpiration) study of the
sublimation of t4F3 (c) were combined with published data to ive
new values for the thermodynamic properties of A4Fj(g) and iALr6(g).
A final revised report on high-temperature mass spectrometry of the
BeO-BeF"2 system discusses interfering ion intenisities, and evaluates
the heat of suolimation of BeF 2 (gt) and the stai*lard heat of forma-
tion of Beo1? (g). A quadrupole mass spectrometer appears to have
shown that liquid 61g0* loses caygen and becomes non-stOichiometric,
a result consistent wibh the earlier NBS discovery of an irreversible
change in sublimed LO1(c). To illustrate light-element hydroxide|

I I
i
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molecules, CsOH(g) and OBOD(g) showed kVgc-,-rature u-crrmve
spectra indicative of a linear or near-lin- :-."•-ulT;, a low-
frequency large-amplitude bending vibcatic: • ipcxucing ý 1 unusual
variation in the rotational constant, and a highly ionic Cs-O -

bond. The dipole moment also was derived. arom the current L
revision of NBS Circular 500, reco~uended values of Ati 9 8 for 39
Be-containing substances (including different states) o special
interest are given, together with discussions of the underlying f.
published eata. Recent design and exp3rimental studies have led
to a proposed feasible procedure for automatic power measurement
to complement the existing NBS automatic terperature measurement
in precise lo-temperature heat-capacity calorimetry.

Thomas B. Dou las
Project Leader

Charles W. Beckett
Assistant Division Chief for Thermodynamics
Heat Division, Institute fvo Basic Standards
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I Chapter 1

I THE HAT OF FORMATION OF BORON TRIFLUO•jDE
BE DIRECT COMEINATION OF THE ELEMENTS

L Eugene S. Dom&siki and George T. Armstrong

L
Abstract

The energy of combination of crystalline boron in gaseous fluorine

[ was measured in a bomb calorimeter. The experimental data combined with

reasonable estimates of all known errors m:iy be expressed by the

[ equation:

B(c) + 3/2 F2 (g) - BF3',g), AH; 2 9 8 - -271.03 ±0.51 kcal tol"I

This result is compared with other recent wor]° on and related tr, the

j h-at of formation of boron trifluoride.

S~I
1This research was sponsored bry the Air Force Aero Propulsion Laboratory,

Research and Development Division, Air Force Systems Commnd,

[ Wright-Patterson Air Force Bse, Ohio, under USAF Delivery Order

Nr. 33(615)64-1003, and by the Air Force Office of Scientific Research

(under Order No. OAR ISM 65-8.

w1



1. Introduction

An accurate value for the heat of formation of boron trifluoride is

of significant importazice because thib value is involved in the thermo-

-.c.e.•sry of many boron compounds.

The study of the
compounds

therochemistry of boron/was for a long time hampered by difficulties

in measuring a suitable reaction involving elemntal bron.' The heat of

formatior of boric cxide, for instance, was uncertain to several kilo-

calories per mole because of the difficulty of getting complete

combustion of the element in oxygen, or of determining the amount of

reaction, in the absence of complete combustion. The difficulty wasa

zpparently due to the glassy and non-volatile character of the boric oxide
the

formed, which tended to terminate/reaction before ccwpletion, and 'made

t÷u analvsis of the product a ccoilex problem.

The thermochemistry of boron was placed on a rim oDabi s tt-~-L

of Prosen, Johnson and Pergiel L1,232 on the decomposition and hydrolysis

uf diborane, and of Johnson, Miller and Prosen [3) on the heat of forma-

tion of bo on trichloride from the elements. With the aid of the heats

of these reactions and other data, they obtained reasonably comsistent

values for P 0 3(c),, H3 BO 3(c), L~H6(g) and DCA (g). Whil, more recent

work has suggested chanps in sm of the vlues, twoue chang" have been

;.xall.

2 Num-ors in brackets refer to references xt the end of tnis pper.

2



The heat associated with the direct combination of the elements
in a bomb calorimeter was measured / Wise, Margrave, Feder and

:;ubbard wofudtaheat ::z :mtono B3g
to be -269.88 +-0.24 kcal jai-. Another

Sstudy involving the direct combination of the elements by Gross, Hayman,

Levi• and Stuart [5) gave -271.20 kral tmol"1 for the heat of formation of

3
MNre recent additional measurements by Johnson, Feder and Hubbard [6)

aho.id that the calorimetric work of Wise, at al. M4] was correct, but re-

analysis of the boron sample revealed mipuritiea not previously taken into

account. A recalculation of their earlier data gave for AH2 9 8 [BF3 (g)],

1 calorimetric
-271.6 ±0.9 kcal mrl.. The / measurements reported by Johnson, et al.

6 o° were made using a boron sample of greater purity in both a conventional-

tvne combustion bomb and a two-chambered combustion bomb and led to a

vau f or AHf 29 8 [BF 3I(g)J of -271-65 ±0.Iee _=&.a

Research prior to the work of Wise, at al. [4] is neither sufficiently

detailed nor accurate enough to derivu a value for the heat of formation

f - of BF having an uncertainty lasa than several kilocalories per mole. and

hence, has not been oonsidered. Gmltn [7] pro•ides a review of the

j earlisr work on this subject for the iuterested rekade.

3I)
I



u1,' at/additional confirrnzutory work on the heat o0 forrýation of

was Aneeded to establish more ,Mully the recent work of Oroms, et &I.

w ad Johnson, et al. [63-. In asUilrdwe hAve found that work in our

cbaooratory on the measurement of the hoats of comub tion of several I
:-r,';-..ctory boron compounds has produced values :or thaiL heats of

. c,;-.,ation very sensitive to the au:iliary valuo used for the heat of I
"lor •tlon ef boron trifluoride. Sowe syatematic errors in the calcu-

latid heats of formation may be avoided by m•aeuring the hsat ciý

comustion of boron using a similar procedure in the same apparatus.

The variations ir the heat of formation of BF as reported by other

i~nvestigators, are large enough to make a sBiifi.art dif"oerne in f
tue heats of formation of metallic boride if calculated fro their

heats of ocmbustion in £ilmorims.

I.



I
S2.0 Kateriale

2.1 lIoronI
The sa'mpl'n of P-rhambohedral boron was obtained from the Uge-Pfcher

Corpany and had been
/prepared by the hydrogen reduction of boron trlbrAide on, a substrnte of

j zone refined boron. The 'maxium particle size 150 xi-
crons. The supplier reported traces of copper and silicon and a small

Samount of carbon in the sample. The sample was analyzed

spectrographically for metallic

impurities and quantitatively for individwil metals to 0.001 percent.

[A nitrogen assay was mnde using the Kjeldahl method and the carbon

coz.tent was determined by oxygen combustion of the sample and meas-

1urement of the CO2 formed. This mearuurement gave a higher carbon con-

tent than was Jrdicated by the stpplier. We preferred our carbon

analysis for the assay of our rauple. The analysis for oxygen in our

( boron sauple ilas performed by both neutron activation and inert-

gas fusion methods. The oxygen anaias4u obtained by inert-gas fusion-

I is preferred over the analysis by nerutron activation be:cause of sus-

pected interfercece by isotopic species produced from Irradiation of the

boron itsa!E3]. Table I msmarises the analysis of the boron sapile,

at .iing the total boron content to be 99.66 peroent by differenoe.

A
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TULE 1. Analyzis of boron samplea

F.;tal impuritics Total [
AA. Fe YI nSr Ca Si CUa

<0o.0o o .o79 0.0mmoM( Q. C.002 0.010• . - 0.120
(o______ (0.0007P

Non-rnotallic inpurities

N 0 C

<o.0005 0.o8c o0.U 0.203

(o.161)d (0-05)

Assuzed presence of no-metallic impurities

BN 320 B4CI

0.009 0.128 0.506 0.643

iotal boron content 99.677

Total boron as the elenent 931

aknalyzes presented in Table 1 were performed by the fMS Analyim
and Purification Section, unless otherwise stated.

bSupplier's amilyais (Eagle-Picher Co.)

'inert-gas fusioa (Ledoux and Co.)

dNeutron activation anaJ•uyis (Gneral Atauic c

Supplier's anal"isla f carbon in boron by'tbe ,ot of
Kuo, Bandar and Walker (91.

6



SAn x-ray diffraction pattern of th(. boron sample determined

by the NIBS Crystallography Section yielded lattloe parameters in good

agrrcmcnt with data reported earlier. The lattice parameters wre

a&l0.922A and c=23.79A(commporol to a-lO.944A and c23,811A . and

the space group found vas 173m.

I 2.2 Teflon(polytetr•fluoroethylene)

The Teflon film and Teflon powde('("Teflon 7") used in preparing

I pvileted mixtures for combustion experiments were the same as we have

I described In an earlier publication(lll). Here again neither the

TefA.on powder nor the Taflob film were modified or treated in any

special way prior to use. The energy of combustion, e303' of the

Teflon(fiim and powder) was -10,372.8 Jg- [Il).

I The fluorine used in the heat measurements assayed at 99440

pe.cent F2 . The fluorine was analyzed by absorbing the F2 in, mercury

and observing the pressure and composition of the residual gases[121.

$ The composition of the residue was determined by examination in a mass

sjs~ ter. Table 2 above the results of typical analsis of a

f&uorine samplea

-7



TA))L", 2. Compo;Ation of fluorine sample

Constituent Mole Porcent

F2  9 9 40'a

01 0.0960

N,. 0.2784

Co2  0.0175

CFh 0.1962

Ar C.0083 I
so2 F2  0.0001

SiF4 0.0003

C2 F6  0.0023

SF6  0.0001

oc 8 0.0002
C1. 8
C F 0-0005
3 8

C2F• or cy-.ic CAF8  o.oQo1

a difference.

8



1, 3.0 parton of Srple Pellet

The f'irst step of the procedure usud to prepare the boron sample

for combustion in fluorine was to mix the sample with Teflon powder

.in a bag made of Teflon film. The bagged mixture was then pelleted

and provided with an additional coating of Teflon.(method B of our

Searlier work[il]). Attempts to burn pelleted mixtures of boron and

STe:flon powder on which no outer Teflon coating was provided(method A,
kill) resulted in spontaneous combustion of the pellet during the

j •.uorine-loading procedure. However, if method B was used, it was

jxssible to carry out the calorimetric experiment, and the apparent

heat transfer coefficients calculated for the calorimeter in these

heat measurements were comparable to that of a normal combustion

experiment in which no premature reaction was taking place.

I'nuch care is needed in keeping track of the cumulative mass of the

sample as the Teflon and boron are added because some losses are always

U observed and their distribution significantly affects the results of the

experiment.

Table 3 gies average values for the amounts of Teflon and boron

j• used in preparing a pellet and the losses detected in the process. The

sample masses were adjusted for losses in the manner previously described

I L .
The densities used for the Teflon film, Teflon powder, and boron

ir zaking buoyancy ccrrections were 2.15, 2.16 and 2.35 g ci' 3 [131,

I .'e3pectively. Weighings of pelleted mixties and intermediate stages

were made to 0.01 mg.

IA
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TABLE 3. Amounts of sample and looses incurred

during pellet preparation (averages) 1

1. Mass of Teflon bag, g. 0

2. Mass of boron in mixture, g. 0.16

3. •.ass of Teflon in mixture, g. 1.88

4. Xass of Teflon coating, g. 0.70 [
5. Loss of Teflon in sealing bag, mg. 0.32 r
6. Loss of mixture in pelleting, mg. 0.30

7. Total loss in preparation, mg. 0.62

10
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I 4.0 Culerimetric System

No major chunnes had boon 3inke 'n the bomb calorimeter,

Stheimo3wtric ZY'Ltcm cr combustion bct,,b rinco our earlier vork[1l1 which

was carried out with the same apparatus. The apparatus will be

discussed here only briefly.

1An isothermal-jacket, stirred-water calorimeter was used;

the jacket was maintained at a constant temper-

1 ature near 3OOC within 0.002eC. Temperature changes in the calorimeter

were measured to 0.0001T0 with a G-2 Mueller bridge in conjunction

with a platinum resistance thermometer. Reactions were carried out in

an "A" nickel combustion bomb, designed for service with fluorine,

having a volume of approximately 360 ml. Two aluminum electrodes each

1 suspended from the bomb head by a moziel rod held a tungsten fuse(O.002

-I. diam.) which contributed about 20 J to the combustion energy,

assuming complete combustion. The quantities of boron and Teflon in the

f pellets were adjusted to produce a temperature rise in the calorimeter of

about three degrees (27' to 300C). For procedures dealing with the loading and

Semptying of the combustion bomb, and for details of the.. design and

construction of the fluorine manifold, our earlier w'ork should be

consuited(14).

311
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5.C ' r'oduct,, of Ccbu,;tion

Cur prov~ous work[ll,141 hns; eL;ablizhud that 7h;flon burns in

15 Lo 21 amof fluor-Ino to ctirb.:,r tctrafluorlde a3 the only majorf

product. -iilsher fluorocarbons wcre not 6etected in amounts greater than

0.02 mole percent. The product g;asos were analyzed in a mass spectro- 1.
znetcr after absorption of the excess Sluorine in mercury. It is (
interesting to note that the mass spectrometzic examination of product

gases from a boron-Teflon combustion experiment showed no sign of BF .

We suspect that under the conditions of the reaction of fluorine with

mercury, an interaction of some kind takes place between BF3 and the Z-

mercury fluoride formed during the absorption of fluorine.

A typical analysis of the residual product gases from a combustion

experiment is shown in Table 4. The amounts of minor constituents

foun'd in the product gases are greater than those expected on the basis

of the amounts present as impurities in the original fluorine. The

increments observed in the minor constituents were probably Jntroduced

during sampling and analysis procedures and were probably not involved

in the actual bomb process.

Boron trifluoride was identified as a combustion product by in-

frared spectrometry. Examination in the region 650 to 400 cm-1 of a
fluorine

sample of the bomb product gases contairing excess/ revealed the

BF band at 481 cm- 1 and the CF band at 630cm" . Spectra of the
3 4

evacuated cell and of BF alone were taken over the region mentioned
3

above to substantiate the identification. The cell used was 8 am long

and had polyethylene windows, 0.0625 in. thick.

12
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I TABLU 4. Composition of resid',al product gases from a

combswtion experiment (mass spectrometric examination)

Component '.•ole Percent

I 2 0.74

02 0.87
CO2  0416

SCF 4  98.4

F3
1SC 2F2  0.008

SiF 0.0264
C2 F6  0.0012

I Io0.008

13
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6.0 Cl.-Ibrat,.on ExperinmentG

Twenty calibration expcrimcent. were performed in which benzoic

i,.,.;,t ... d Sumple 39i) wri3 turned in 30 atm. of oxygen, and with one

"i: of distilled water in the nickel combustion bomb. Their con-

sistency and reproducibility have been discussed in our earll. p.-per

[Il%. The average energy equivalent was calculated to be 14,803.27*

0.99 Jdeg- 1 . Tha uncertainty cited is the standard deviation of the

meun. The energy equivalent is that or the standard 4.nitial oxygen

calorimeter which included the nickel combustion bomb with 30 atm. of

oxygen, a platinum crucible and fuse support wires, platinum fuse(2 cm

long, 0.01 cm diam.), a type 304 stainless-steel liner, monel pellet

holder, and no sample. Fastened to the bomb was a heater and ignition

leads. The mass of the calorimeter vessel and water was 3750.0 grams.

Using the appropriate heat capacity data, the energy equivalent of

the standard oxygen calorimeter was adjusted to the proper value for

the fluorine experiments. This involved allowing for the heat capacities

of 30 atm. of oxygen, one mi. of distilled water, the platinum ware,

21 atm. of fluorine, and two aluminum electrodes. The application of

these corrections gave 14,805.17 J deg- for the energy equivalent of

Ithe standard initial fluorine calorimeter over the teMeratuwe range

used (27" to30 "c).

i
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1 7.0 Fluorino Comabustion Experiments
calor imotric

The / measurements included aeven experiment3, which have been

previously reported in detail [11'p in which Teflon was burned in 21 atm

j of fluorine. The value listed in section 2.2 for the energy of combus-
0

tlor, AE30 3 , was determined in these experiments. Ten heat measurements were

1 performed in which boron-Teflon pellets wete burned in 21 atm of fluorine.

These measurements are summarized in Table 5. In each experiment the

sample pellet was placed in the recess of an "A" nickel plate on the

bottom of the bomb. The bomb was attached to the fluorine manifold

and filled to 21 atm with fluorine by the usual procedure. All bomb

parts(bomb base, bomb-head assembly, electrodes, liner and nickel plate)

were weighed before the first experiment and after each successive

experiment. The bomb parts were washed with water and dried before

the weighings were made.

S!I'
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TABLE 5. Boron-Teflon covnbustion experiments

Experiment No. i 2 3 4 5

(la) m(sazple), g 0.157378 0.153795 0.151406 0.1534771 0.163715
(Ib) m(Teflon), g 2.767867 2. 81374 8  2.6759681 2.7173571 2.880045

(2) P(F2 ) atm. 21.2 21.6 21.41 21.6 21.4 r
(3) (c), J deg- l4,798.95 14,796.70 14 ,805.56 149,8C3.17 31,804.61

() at deg 3.05494 3.06023 2.90249• 2.)8886 1 3.176L5(5 ( ) ý (1c ) -45 92-09.9 -45 v281.3 -43 9565.2i -44,24 .6 1 -47, C26.1

(6) LE fuse, J 20.2 20.5 20.31 20.4 20.4

(7) AE gas, J 13.2 13.6 12.8 13.3. 13.9

(8) AE° (Teflon), J 28,710.5 29,186.h 27,757.3 28,186.6 29,874.1
(9) AE!o3(=,,,•e), jg-• -104,9627 -104,430 -1o4,189 -1o04,410 104,558

Experiment No. 6 7 8  9 10

(1a) m(sawe), g 0.149249 0.152208 0.153996 0.:686 0.167872

(ib) m(Teflon), g 3.243633 3.168C21 2.933396 3.c53495 2.807121

(2) P (F2 ) atm. 21.8 21.6 21.9 22.0 21.9

(3) (), J deg- 1  14,803.77 14,80.26 ,4v799.88 L1h,8%..01 14,803.61

(4") atc, deg 3.33155 3.29647 3.14578 3.27706 3.15415

(5) (G) (-Atc), J -49,319.5 -48,801.8 -46,557.1. -48,516.9 -46,692.8

(6) AE fuse, J 9 0, 20.4 16.9 17.1 18.5

(7) AE gas, J 15.8 15.4 14.3 15.1 13.9

(8) aE° (Teflon), J 33,645.6 32,E61.2 30,427.5 31,673.3 29,117.7

(9) ae.,03(samlpe), Jg-1  -id 4 ,77 -104.494 -104,538 -104,751 -1)0,50C

(10) aE "0 (boron samPe), g- -104,527 Jg

(11) Strandrd Deviati( of the M•an % 54 Jg- 0.1.i kcal sol"1

(12) Contribution from Impurities - 545 Jg- for 0.763% imuritiAG

(13) AE? 98 -AE? 2 j2-i

(1 ) a 9 (boron) -.I04,779 Jg- . -270.74 kcal ml-I

(15) anRT - -115 Jg9

() 198 (boron) -104,89. ,g -1 -1.03 kal Mol"I
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"'he ni=bcrcd entries in Table 5 are as follows:

(I&) mas.; of the boron mixed with Teflon in the pellet, corrected for) •weight loss in preparation, for recovery of unburned boron, and for
a boron blank.

(Ib) mraass of Teflon mixed with sample in the pellet, corrected for
I weight loss.

(2) pressure of fluorine introduced into the bomb prior to combustion,
corrected to 300C.

(3) inergy equivalent of the initial calorimeter for a given experiment.

(4) temperature change of the calorimeter , corrected for
heat of stirring and beat transfer.

(5) total energy change in the bomb process.

(6) energy liberated by the tungsten fuse assuming the fuse burns
according to the reaction: W(c) + 3F2(g) =F 6(g)

From the heat of formation of WF £151, we calculate 9.44 J mg-1

for the energy of combustion of the fuse.

(7) net energy correction for the hypothetical compreasion and

decompression of bomb gases.
Pi(gas) -10

AE gas AE(gaj 0  + AEf (gaa) f(gas)

(8) standard energy of combustion per gram of Teflon at 300C multiplied
by the corrected mass of Teflon in the pellet, (lb).

(9)- standard energy of combustion per gram of the sample.

('10) average standard energy of combustion per gram of the sample.

(11) standard deviation of the mean of the average cited in (UC).

(12) energy contribution by impurities.

(13) energy correction converting the tfereme temperature to 2980 K.

(14) standard energy of combustion of the pure substance. Sontributions
from impurities have been accounted for both In mass end in energy.

U(5) 1 ?T tern.

(16) standard beat of formaticn at 2986K.

17
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Tho heat capacities at constant pressure, CO, used in the

calculation of entries (3) and (13) are as follows in cal deg-I g-1 at

2500: boron, 0.245 (16); and Teflon, 0.28 [17]. The heat capacities at

contarnt volume, Cv, used in the calculation of entries (3) and (13)

were 5.52 [18), 12.62 (19) and 10.04 (16) cal deg- 1  olI, respectively L
for fluorine, carbon tetraflioride, and boron trifluoride at 30eC.

Washburn correctiontz, entry (7), were calculated following tne

procedure outlined by Hubbard (20] for experiments in which

fluorine is used as an oxidant. The coefficients [ 8V3PI, = -T[d•/dT]

were found in tables compiled by Hirschfelder, Curtiss and Bird 121] I
usin, the apprupriate force constants. The force constants used for

fIluorine, carbon tetrafluczide and boron trifluorids were those

determined by White, Hu, and Johnston [22), Douslin [23) ard Brooks and

Raw [24), respectively. Force constants approprý'ete to the aixtures

y 2 , CF 4 and BF3 in the reaction products were calculated fro those LI
for the pare components. I

We aasumed that the metallic impurities in the boron sample were

present as the elements and that the non-metals, oxygen, n'rogen and

carbon were present as B2 0 3 , BN and B4 C, respectively.

:n calculating the correction for the B4C impurity in tle boron

sanpi.e, we have cho-en t = -97.84 kJg-I for the -vaction: B C(c) +

8?e2 g) = 4 3 (g) + CY (g) �aaed upon heat measureme perfon.d in our

lAboratory. These latter data will be reported in more detail in a

future publication.
4
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Note thAtA., adju Ant; the or, .rfy of' combustion of tho swc.;h,=,-,

ui ary (10), to tie oneray of combuivIon of puro boron, ertry (14), the

cnorLy contributcd by the impurltJc is switractoA from entry (10),

aei at the same time the mass of sample ic reduced by tho mass of the

i..purlties. In calculatinC the corrections for the combu.tion of ritner

:mp,.rit'2c in the boron sample, the following heat of form•ation valuoe

were used and are given in kcal mol-I : B2 03 , -30o.20 [2,; BN, -60.8

r 2 5; Y2' -26-8.7 [26; CaF 2, -290.3[27'; SiF4 --385.9F[28; eF

-235L29); Sr? 2 -290.3 [271; mFV3 , -238 [291; and Al? -361.0 [2.1)

- The rav data obtained in the benzoic acid calibration experiments

were progranmed for the DB% 7094 computer according to procedures out-

lI-ed by Shomate [30)l for the co;,,puter calculation of combustion bomb

calorimetric data. The energ equivalent obtained was adjusted to that

of t..e standard initial oxygen calorimeter as des.,ribed in Section 6.0.

The combustion experiments were similarly programed, novever, the oily

valid data calculated by the computer wure the corrected tamperature

4rise, Ate, because the program used had not been mod1fied to accommo-

date the use of fluo'rine as the oxidant.

Atomic weights were taken from the 1961 table of iatcmic weights

based on C12 = 12 and aeopted by tha Tnternati,&nal Urion of Pure

az, Adplied Cheuistry [31). The unit of energy is the Joule, and one

cal~rie was eZwdAt, as 4-.110 J.

Ii9



i..LU,)L 500 *igi cryzta.l.i.ne toron vaz trainsfonnod into bori-c acia

6'lutit-or. by Ilrohyclrolysis 3  tinrl the3 r,.cluticn examinneca bj sLarA'tAo

o):.. Ls..on Pia-, spectrometry for thc -isotepic abundance of D4

A.i stuc.v reaulted, "in the atomc weiC h d acermJinaticn of our samnple

of 10.612 -+0.CO5.

As a r~qs'ilt of the goodi agreement with the atomic wvilrht of i
buo.on in -L, T able 'bzsed on G 12 we have used tbe value 10.811

c mol± from this table In~ our calculations.

8.0 Discussion and Resu"Lts

A 'esidue 9mcuntir,; to less than one mng. which vat assumed to be

unourned TeflIon and/or carbon, waa observed in heat measurements

inv~olving Teflon alone. No correction was applied to any experiment

Po-- this residue, and we assumed that the formation of tho residue tock

place inA all experiments approximately in proportion to the amount of

Teflon initially pre~ent. The h-eat of G.ombustion per gram of Teflon

would be constant andi the error- due to residue formation would be

elaminated when the enw.gy diue to the comabustion of Teflon in the

pelleted mixture was subtracted fromi the total energy released in the

com~bust ion.*

,1.3 a;;t"-ors ar~e grateful to H. W. T~rner and L. J* Fintop
J, S. A. E.C. Nw Bru;svick T-aboratory, New Brunswick, Nov Jersey,

:1cr pirfnrring th~is task.
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Aftcr a boron-Teflon combitu, L ,.on exo(rj jnrnt, a larger roeidue wastt~h~an whun only Teflon was burnud a of
fountV, which necessitated dotermining the/unburned boron and alco

" firndIng a rrethod for gathering the rnsidue from the nickel support

plate. The mass of the residue was obtained by weighing the plato

before and after the experiment. The average mass found from these

weiG.,ings was three mg..

). The residue was tak. , ,,1 from the, support plate by mixing and
the amount of

rabhing Ka2CO3 into the residue with a spatula. To determine/boron,

the rer-Mue mixed with Na 2CO3 was fused and put into solution with

I dilute acid. The pH of the solution was adjusted, mannitol added, and

the liberated acid titrated with base. The mass of unburned boron found

in the reuidues by this analysis ranged from 0.5 to 1.1 mg. To

determine the reliability of the above procadure, control experiments

I were performed in which crystalline boron was mixed with Na2CO3 and the

mixture was analyzed for boron using the same procedure. As a result

of the control experiments a correction factor was applied to the boron

recovered from ttle residues. Analysis of residues mixed with Na2 CO3

were made by the NW Analysis and Purification Section.

|21
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Wo attempted to assign a composition to the residue oven though

the mass was subject to effects difficult to estimate such as reaction [
of the support plate with fluorine, hygroscopicity of the residue, and

spattering of molten tungsten onto the plate from the ignition process.

tungsten account for about two thirds of the mass of the combustion

residue. The remainder could be attributed to one of the above effects,

but in the absence of definite information no adjustment was made for it.

A test made to datermine whether the presence of boron affected

the residue of Teflon, indicated a negligible effect.
was analyzed and the results shbwed an

A boron-Teflon combustion residue/for carbon,/ amount

comparable to the carbon content of residues formed from

burning Teflon alone. A test for weight chanmes of pellets on exposure

to fluorine indicated a slow weight increase, which was not fully

reversed ou evacuation. A pellet which has been exposed to fluorine and

later exposed to moist air showed additional small weight gains,

indicating a hygrosoopicity resulting from the exposure to fluvrine.

These effects wore small and slow, and no corrections were applied for

Cthem. However, they have been taken into account in assessing possible

errors.
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9.0 Sunuiary of Errors

We have tried to estimate thc over-all experimental uncertainty

`or the heat of fomnation of BF3 (g) determined as a result of this

investigation. Table 6 lists the errors considered in maki'ng

the estimate. We have used the loss of sample found during the pellet-

ing operation as a kiide in estimating the error incurred in

Spreparing a pellet(see Table 3, line 6). From this source we eki...inate

an error of 0.10 percent. The two oxygen analyses were 0.161 and 0.088

percent and the two carbon analyses were 0.05 and O.l percent. The

effect that the difrev•nces of the analyses would have upon the heat

data introduces an error of 0.06 percent. An error from

the reaction of the sample in the bomb prior to ignition was estimated

at 0.03 percent. This was based upon the assumption that pre-reaction

occurring in the bomb prior to ignition was notmore than 5 J hr - as

suggested by mass increments of pelleted mixtures upon exposure to

fluorine. We assumed that the determination of unburned boron was not

in error by more than 0.1 mg (0.06 percent) and that the.

¶ additional error in estimating the total composition of the combustion

residue is similarly 0.06 percent. Since the carbon in the boron

combustion residue was comparable to the carbon frox the

combustion of Teflon alone, no error has been attributed to the

uncertainty in residue left by the combustion of Teflon.
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TALE 6. Suzmary of errors

Description of errors Magnitude of o'ror exprevssd ed

in percent of A1 98 for boron

I . weighing pelet o-1, Li

2. loss duringp sample preparation 0.10

3 analysis of impurities O.c6

h, reaction prior to ignition 0.03

5. determining the amount of

unburned boron 0.06

6. determining the composition of

the combustion residue 0.06

7. fuse energy 0.01

8. bomb corrosion 0.01

9. calibration experiments 0.03.

10. energy of combustion of Teflon [16] 0.03

11. boron combustion experiments 0.12

12. atomic weight of boron 0.05
a

13. total error (percent) 0.19

a(This in oquivalant to 0.51 ko.l o1 ).



fuse energy,
Errors due to the weighing of the pellot,/and bomb corrosion

ve"o estimated at 0.01 percent. Estimates of uncertainties arlsirg

fro.z tho benzoic acid calibration oxper'ments, Teflon combustion

experiments and combustions of boron-Teflon mixtures were made by

multiplying the percent standard deviations of the means of the experi-

ments by the appropriate factors for the Student t distribution at the

95 percent confidence level. Finally, we suggest that the

error present in the determination of tVe atomic weight is 0.05 percent

as a result of our experimental findings given in Section 7.0.

[ The total percent error in this study was found by taking the

square root of the sum of the squares of the individual errors cited.

10.0 Heat of Formation ofBoron Trifluoride

On the basis of the calorimetric data given

in Table 5, we calculate for the standard heat of reaction (1),

. B(c, P-rhombohedral) + 3/2 F2 (g) = BF3 (g) (1)

anri, hence, the standard enthalpy of formation of boron trifluoride at

298 0 K, -271.03 L 0.14 kcal mol-I The latter uncertainty is the

sta•ndard deviation of the mean. We estimate our over-all experimental

uncertainty to be 0.51 kcal mo301.
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Our value for the enthalpy of formation of DF3 (g) iz in good agree-

mnt with the result reported by Gross, et a!. [SJ and differs from the

result reported by Johnson, et al. [6) by approximately our over-all

uncertainty. k.
Johnson, et al. [6] have used some recent work by Gunn [32) on the

solution of BF in cono HF(aq), Good and eanseon [33) on the combustLon
3

of boron in oxygen in the presence of excess aqueous HF, their own data

on AI 29 8 [BF 3 (g)], and other appropriate auxiliary data to derive a

value for AH&,2 9 8 [H'.3H2O(aq)] - -76.78 kcal mol". Irsertio• of our

value for AH 29 8 [BF,(g)] into this cycle, gives -76.58 kcal mold for

a 1P8[•. C Mo(aq)]. Both our work and that of Johnson, et i•l. [6)

agree in showing that the heats of formation for aqueous solutions of

hF should be meme negative than thos: suggested by Wagman, et al. [341,

but less negative than those indicated by Cox and Harrop [351. In this

respect they substantiate our similar findin on the heat of formation

of IV-(aq) as derived from several other reactiowa in our study of the

heat of formation o [ .
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"-,wia and Cooper (36) reported for the heat of reaction (2),

I ,N-. (,U.) + 13(c) = BF (g) + 1/2 N (dQ) (2)

"= -239.7 L 1.2 kcal mol-1 . Combining our data on 298 B

-.i-& 'he hust of reaction (2), ve culculate for Alf298 [ITF 3(g) 3

-31.33 ikcal mol-.. Although this is in good agreement with the heat of

Sorw4tion of NF3 (g)); -31.44A kcal mol"1 reported by Sinks (37), the

S.,rits of the agreement are dubious because of the large uncertainty

I, &Ssociated with the heat of reaction (2).

I
I
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I
1
I
1
I
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[ Chapter 2

STUDIES ON THE AUTOMATmN OF
ILM-TDUERATURE PEAT-CAPACITr CAIORIMETR

I I. Introduction 
G. To Furukawa

Heat capacity is determined in the incremental heatini aethod
from a series of observations as illustrated in Figure 1.

T21

T T
T I

T I

Nretthra ""ola- r-acievdee intemscaful

,1' II I o

II L ,O I

II .'
I I I

L Pe.ifect t~ernal isolatiu L• n r achieved even in the moat carefully

designed ii-teiterature adiabatic calor~Ieter used for heat-capacity
measureient&. This is mar ifested by the continuously changinr tenqra-
tures of the caiarimtric system under condition ccwid"-,' adiabatic.
Corrections mist be applied for the erargy transfer beouen t*he calori-
,etric system and its surroundings that occurs &,ring the cowre of an
experiment. Because of the relatively high degree of thermal isolation
of low tezlnrature adiabatic caloritera, the stuady-stats teprature-
tine curves before and after any eatin4 interval arn wentially linear.
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The assumption is made that during the heating interval the heat transfer
is the average of the staady-state rat3s before and after heating. This
correspondn to the extrapolation of ti*, steady-stat3 temperature-tim
cn=res for th3 fore- and after-periode to the middle of the heating
period as shuwn ±n Figure 1. The temperature increments corresponding
to the measured energy increments introduced are T2-T and T -T21 430

The observations shown In Figure 1 represent equaliy the processes
in reaction calorimetry and in heats of inxing calorimetry. Tn all
these e•jeriments ter)eiaý,ure-time curves are determined. In Bunsen
ca-lorimetry the equivalenI volur=-tcmporature curves are determined
dice(!ly o.' indirectly, for example, tiroagh -.he clange in the mass of
mercury contained in the system. In heat-capacity experiments the
input energy is kncwn from direct miasurements and the corresponding
icmperature increment determitned from the tempsrature-time curves. In
heats of reaction or mixing experiments the heat capacity of the system
is known from calibration and temperature increment caused by the
energy release uof the process is determined from the temperature-'ime
curves. The methods used to determina the temperature increment in
reaction calorimetry and in heat of mixing calorimetry are very
similar to the method just described for the heat-capacity measurements [1].

The tenpcrature-tins observations and the calculation• of tempera-
ture increments a.soci&Led with energy increments depicted in Figure 1
have now been automated for low-temperature heat-capacity measurements,
Automratic observations of temperatures equal in precision to standard
ranual methods of platinum resistance thern•metry have been performed
in Wh s laboratory since MNy 1964. Computer methods have been
developed for making calibration corrections f:r the bridge resistances
used, for the plottirg of the obser-ations, for calculating the
temperatures associatad with resistances ext)7apalated to the midpoint
of h&_ttin& intervals, and for estimating tht standard deviations of
the extrapolated te--neratuies.

Methods for the automatic measrement of energy increments Intro-
duced i~to the calorimeter and methods for the automation of the heat-
capacity messurement pro:ess have, in tLe meantime, been und'r investi-
gation. The goal for the accuracy of electrical energy measurements
was set -t C.OO1 percent. Preliminary test exptriments have boon per-
formed -,heck ,.ut cer t ain wathods. This repcot is an account of the
studi6s made in wlic! pi'o4dures and methods for realizing autowtic
energy measrezentq - z described. The d-scussions preeented in this
report progrens in evolutin•nrý sps, starting frrm the developunt
of the basic and adjuvant ecutlpwnt for attainine the :1m=l automatic
tnargy me5:ureterara. * cb of the discussions on tte eiolutionary
stepa Iiave be1n made brhip in order to proceed quickly t.ý ihe proposod
method for a,'tmtic onergm measurweents.
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II. Symbols, Abbreviations, and ~flinitions!
The symbols, terminology, and abbreviatiozis used in this report

are defined in this section.

foreperiod - period prior to the start of energy input
during which accurate temperaturee are made
to eva.Luat6 the heat leak and the ,initial"
J 3,eer ature.

afterperiod period following the termination of energy
input during which accurate tempeature
measurements a:.e wAde to evaluate the beat
leak and the "final," temperatarc. When
onaiy increments are introduced successively,
the afterpeziod of one energy increment is
t a foreperiod of the next energy increment
(See Figure 1).

initial temperature - temperature corrected for heat leak by extrapo-
lating the foreperiod curve ahead to the middle
of the heating period, corresponds to the
"temperature,' prior to introducing heat.
(e.g., T, and T3 of Figure 1).

final tezperature = temperature correctect for heat leak by extrapo-
lating the afterperiod curve back to the middle
of the heating period, corresponds to the
"temperature" after introducing heat.
(e.g., T2 and T4 of Figure ).).

sampling time time required to complete a measurement, e.g.,
voltage.

¶ voltmeter - the instrument will be referred to in a very
restricted sense. The essential difference
between this instrument and the digital volt-
meter is only that the latter is automatic and
the former is marually operated and the balance
visually obser7ved. The features of the instru-
ment include:

a. salf-cwntained precision poer supply, de-
rived unual2y from 110 V ac, for Seneratting
voltages for comparison whicu are manually
8se0 c table

b. high input impedance amplifier detector and
meter for indication of balance.
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operate time= time interval from relay aoil energization to the
performance of a particular functions. In this I
study, operate time - t-Ime interval from the end
of one function to the beginning of another
function.

standard resistor - stable resistor of known magnitude.

dumn resistor - auxiliaxy resistor, of resistance close to that
of the calorimeter heater, through -hich the
current is diverted when not flowing through the
calorimeter heater in order to maintain the I
power supply load constant.

J = joule

P = power - J sec watt

Hz - Hertz = cycles per 9econd.

R - resistor or its magnitude

R - standard resistor or its magnitude {
S

R - calorimeter heater or its magnitude

R dummy resistor or its magnitude

E - voltage

E - voltage developed across the standard resistor

E•.f = voltage of stable reference voltage source

E - voltage developed across the calorimeter l'aterc

i = current through the calorimeter heater

C - capacitor or capacitance

SSwi - switch for transferring the current to either
R orD

SW - switch for connecting the voltage masuring
e equipment to Rc or

F - Farad

M milc )
7.0"0 micro
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W - energy

T - time interval of heating, defined in eoonds.

Sk - voltage to frequency conversion rate

counts per volt per second.

N - M - counts on the integrating digital voltmeter.

DVM - digital voltmeter, autamtically masures theI voltage.

BEK - break-before-make action of a double throw
switch or relay (corresporis to Form C).

I MEB - make-before-break action of a double throw
switch or relay (corresponds to Form L).

I
I

I

I

t
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III. General Requirements for Energy Measurements [
1M1.1 Calorimeter Heater

With the use of a constant current power supply, the voltage change
across the calorimeter heater in directly related to the temperature co-
efficient of resistance of the heater wire. Shorter sampling times and
time intervals between measurements a e required for measurimg rapidly
changing voltages. Instruents tending to meet these requirements be-
come, in general, less accurate. A study was made to find heater wires
of low temperature coefficient of resistance over the temperature range !
used (10 to 3800K). The resistance of alloy wires of about 75% Ni and
20% Cr plus other elements, depending upon the manufacturer, has
been found to change only 0.9 percent over the range 10 to 380"K [2].
At the usual heating rate of 1 deg/min and at constant current, the
average voltage change across a heater constructed from such wires would
only be about 0.002 percent per min. The accurate measurement of
voltages changing at such low rates should be relatively easy to achieve.

111.2 Power Measurements

The electrical power dissipated in the calorimeter heater is deter-
mined from the relation:

PIP - Eoi (1)

where E and i are the instantaneous voltage across and current through
the heaer. A typical calorimeter heater circuit is illustrated in
Figure 2. The upper voltage limit of most manual high-precision
potentiometers is about 2 volts. The heater voltage can be 20 volts or
higher. A voltage divider is, therefore, required at terminals a and b
(Figure 2) to perform the measurements. Part of the current that" flows
through the standard resistor R. (used for determining the current) now
flows through the voltage divider, the relative magnitude depending
upon the ratio of the resistance of the heater to that of the voltage
divider.

DC P:OWERt SUPPLY

a b c d

FIGRE, 2
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In low-temperature calorimeters the leads from the heater are
necessarily long and of small gauge and to minimise heat conduction a
large portion of the lead wires are temperature controlled. The re-
sistance and the change in resistance with temperature of the leads
must, therefore, be considered in the determination of the actual
power developed in the calorimeter heater. A method using a voltage
divider of exceptionally high resistance plus a sensitive detector of
high input impedance can minimize or make negligible the effect of the
voltage divider. A procedure for making direct measurements of the
heater voltage without the voltage divider would be an even better
choice. The present study has been directed toward the latter method.

111.3 Stable Reference Voltage Sources

The use of a voltage divider can be avoided by balancing out or
biasing most of the heater voltage by means of a known constant voltage
source and by measuring the relatively small difference by means of the
potentiometer. The internal resistance of the voltage source must be
low enough and that of the detector high enough to achieve the desired
"sensitivity and accuracy. Reference voltage sources up to 100 volts

are available with 0.001 percent or higher stability over a period of
a day and lcnger and with six to seven decades of resolution. With the
potentister for measuring the difference, the high degree of resolution
is not required. The prerequisite of a reference voltage source would
be high stability and reproducibility of the voltage for a particular
dial setting. Any deviation frau the nominal dial setting can be
readily corrected by calibration, if the above requirements are mt.

S[ IIIIJ Voltmeters and Potentiometers

The design of reference voltage nources with six to seven decade
resolution has led directly to the instrumentation of "voltmters" and
potentiometers which incorporate with the manually variable referer.ce
voltage source a high impedance detector with a meter output for visual
indication of balance. Most of these instruments have miltiple ranges
and saw are capable of detecting an unbalance of O.Mljv. In the
upper voltage range the instrumeuits are capaole of measuring the heater
voltago directly. The input impedance of many of these instruments
must, however, bi carefully exeined, for in some ranges the input
impedance could Uo low enough that the calorimeter heater my become
excessively loadad and approach tht OItage divider condition referred
to earlier. Instruments of up to 101 ohm inputiedance in the 0.1,
1, 10, and 100 volt full scale ranges, which are most usefl for heater
voltage measurents, are available in which 0.005 percent accuracy are
claimed. Their accuracy can perhap4 be improved by calibration.

)



111.5 Automatic Digital Voltmeters

Numerous automatic digital voltmeters (DVM), based on a variety of
design principles, are available that are capable of measuring the heater
voltage directly to within 0.01 percent or to 0.005 percent under favor-
able conditions. Systems having input impedances up to 109 or 10I0 ohms
are available so that excessive loading of the calorimeter heater can be
avoided. Basically, two methods are used in DVM for measuring the
voltages. The first is closely related to the manual voltmeter or
potentiometer. Voltages are generated in the instrument by switchin4g
in a resistance network or by other methods (e.g., integration of a
refe-ence voltage in an integrating circuit) and compared until a null
balance is attained. The voltage readout corresponds to the switch
positions or to the count of time pulses in the case of the integration
method of voltage generations:

The second method used in DVM involves integration of the unknown
voltage. In one design the unknown voltage is integrated by means of
a high gain amplifier system until an equality with a reference voltage
is attained at which time the capacitor is instantly discharged and
the integration resumed. In another design the voltage is integrated
for a fixed time and at the end of the time the i-iput instantly switched
to a reference voltage and the capacitor dischargA at a known constant
rate. In the first case the repetition rate (voltage to frequency
conversion) is the measure of the voltage. In the second case, the time
to discharge the capacitor is the measure of the voltage. In both
designs any 60 Hz interference is essentially cancelled out by perform-
ing the integrations at integral numbers of 60 it cycles.

By using a stable reference voltage for balancing a large portion of
the heater v•ltage and by using the lowest range of the digital voltmeter,
a higher accuracy can be obtained. The absolute voltage accuracy of the
reference voltage source and the digital voltmeter Tiwst, however, be
compatible. For example, consider the case where 20.2000 volts across
the calorimeter heater are partially balanced by 20.0000 volts from the
stable reference voltage source. The reading of 0.2 volt to ±O.O001 volt
requires an accuracy of 0.05 percent from the DVM but demands an accuracy
of 0.0005 percent for the reference voltage source. These figures are
not outsile of the capabilities of such instruments. Hence, the method
is limited by the absolute constancy and accuracy of the reference volt-
age source.

An instrument based on the above principle is now available. Thc
accuracy claimed for the instrument is 0.005 percent of the reading or
0. CUC pc-_- nt of the full scale reading, whichever is worse, with a
sampling tzýme of about 1 sec. The input iMedance is 10? ohms. The
accuracy may be improved by better cuntrol of the reference voltage source.
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[ 111.6 Amlicati• of Intepating Digital Voltmeters

A nmuber of WX based on the voltage to frequency conversion
tec minqu described earlier are available. This method yields the
average voltage for a given time interval of measurmnt which in,
depending upon the instrument and operating mode, 1 sec or less. if
the sensitivity and stability of the main voltage -o frequency
conve rter 9nit is copatible with a 10 pv accuracy and if the conversion
rate is 10P counts per volt per second, then the average voltage during
the 1-sec interval could be determined to 1 part in 10, provided that
the attenuators or aplifiers used have a linearity and accuracy at
least as good. The performance of the instruments that are availablG
at the present time are not quite as good.

The integrating DVM is ideally suited for calorimetry. The total
energy intrwduced into the calorimeter is given by:

W JEci dt, (2)

where E in the instantaneous voltage across the calorimeter heater,
T the time interval of heating, and i the current. If the current is
maintained constant,

W - if" Ec dt. (3)
0

The quantity within the integral is obtained directly by the integrating
DVM. If k (counts per volt per second) is the voltage to frequency
conversion rate, then

S~NT X

J E dt -N¶ , (4)
0

where N is the total count for T secs of heating. The autoaetic
measurement of the input energy can be perftormed by adding ovv~flow
counters to the integrating DVM to extend the count and by mm.ns of
a suitable syrtem for simultaneous switching on and off of the calorim-
eter heater and ýhe DVH. The integrating DVM can also be connected at
all tims to the calorimeter heater (i.e., at terminals a and b.
Figure 2) and the switch•ng on of the heater current be isde coincident
vuith the similtaneous resettirg and starting of the DVM. The stopping

of the DV) should thea be coincident with the wvitcht" off of the
heater current. Th accuuulated count of the DVX over a kawn tim
interval with zere ourrent .rough the heater yiel. inforrmti on
the error to be expected in the accumulated count during the heating
period.
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An important feature of the method is i~icated by eq (4). The

time interval r of intagration by the DV) and that of heating need
only be the same and it need not be measured at all. Very precise
and Bimultaneous triggering is needed, however, to achieve equality-
of the time intervals within the desired lUmts (better than 1 x 10-).

The time base for the voltage to frequency conaryrsion rate k usmt [
be consistent with the standard time on which the current i is based.
Standard cells and the standard time base are both needed to check k.

To obtain a higher accuracy, an integrating DVM can be ized to
integrate the voltage ±ifference (Ec-'ef) between that of the calorim-
eter heater and a stable reference voltage uource. (Another method
will be described later for generating reference voltages.) If ERef
is th3 stable reference voltage, the total energy input at conrct-a.t
current is :

T}W ff + (Ec-Ef1 dt (6)

%Ef T + iJ (E c-ERef) dt(6

If the accumulated count on the DVM is M,

-i (EE z) dt - iN/I (7) io dt ii
0

and

W - +E•j N/k)

Equation (8) shows that in thic method the time interval, T, must be
measured precisely in -trms of the standard tim . The stable reference
voltage source and the DVM can be left, connected at all times to the
calorimeter heater, provided the resistance of the system is high
enough tc have negligible power dissipation in the calorimeter heater
during the off period. If the reference voltage gouce is set at
20 volts and the resistance ef the cixcuit is 106 ohms (1imut, iqed-
ancef DV)) the current will be 2 x 10-9 *az and thespower dissipated
in a 100-ohm calorimeter heate- All be only 4 x L0 watt. In this
method ý.he DV) would oe reset and on standby until started and stopptd
coincidentally with the sw.tching on and oXff respectively, of the
heater current.
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IV. Self Genoration of Reference Voltage for Calorimetry

rd utcat-ic lbasurement of input Largy

1V.1 Circuit for Power Ybasurements

The reference voltage source for biasing a large portion of the
calorimeter heater voltage can be generated directly in the calorimeter
circuit by means of a reliable constant current power supply and a
standard resistor. (Constant 9urrent power supplies yielding currents
constant to 1 or 2 parts in 1!P are available.) Figure 3 illustrates
a circuit arrangement for the method.

_... ...... CO N STA N T C UR •E N T
POWER' SUPPLY

2R2

is

IW 0~ 0 R0

[ S] • "

0 0 -

I I"

Scc ¢C

D"N

rWtLAJZ 3
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At a knxmn constant current, the voltage 1 ES developed across the

standard resistor 'RS is known and constant. The degree of stability

and marntude of the current, i, can be deterlimd by monitoring the
voltage 8Es across another standard resistor RS of a value within the)
range suitable for measuring occasionally on a manual potentiometer or
for biasing tne standard cell voltage and recording the small difference
continuously on a strip-chart recorder.

The voltage EC across the calorimeter heater and the voltage I 5ES
are transferred alternately in opposition onto the high-grade poly-
styrene capacitors 0C and C , respectively, by means of a 4-pole 1
double-throw chopper (4-PDT). The two ptirs of the chopper contacts
are 180" out of phase with the bra(
arrangement. The voltage differences (SC- ES) across CC and CS are
measured by means of an automatic DML the power developed in the
calorimeter heater is given by:

P { lF, + (EC-'lES)j (9)

IV.2 Volt a Teransfer Capacitors and
Their Effects on the Measurements

If RC and IRS are about 100 ohms each and the capacitors are
10 pF each, the time constant of each RC circuit is I msec. When the
chopper is operated at 25 Hz with one-third "dwell time" for each
pair, the dwell time for each pair of contacts is 13.3 time-cnstantc
(13.3 mecs). This dwell tim is long enough to transfer onto the
capacitors all except 2 x 10- of the voltages developad across the
resistors. If a DVH with an input impedancý of iO1 ohm is used, the
time constant of its circuit will be 5 x I01 secs. For a 1-sec
sampling time, this will correspond to ýhe reduction of the voltage
difference on the c&pacitors by 2 x IO":. This vokild seem somewhac
unfavorabl., but in the same second each capacitor w4i1 be recharged
2' times and at each time, even if each of the capacitors were
completely disiharged, charged to within 2 x 10-6 of the voltares
acrass RC and 'RS. Sirme only a small fraction of the charge differ-
once on the capacitors is d"scharged even during a l-sec samling
time, the voltages on the capacitors represent closely thons across
the resistors.

The energy s.ored in a capacitor is,

w - - o.J 2/. c /C, (10)

withC iu farads, Q in cotilrbs, an In volta. Wtm C 10 iOF and
E 20 volts, W - O.0( J. hzcopt at thi lower teoqeratures (below 40K),
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this energy is negligible coinpared to the energy dissipated in the
calorimter heater, RC. Actually, at the lower temperatures, the energy
stored in the capacitors will be smaller since lower operating voltages
are used. In practice, the capacitor, CC, could be charged through a
"dwW" resistor prior to switching to the calorimter heater
(see Figure 3). The energy transferred to the capacitor during the
measurement will, therefore, be much smaller than the total stored
energy considered above.

Good quality polystyrene capacitors have 106 megoh"F resistance.
The loss of energy through leakage in such capacitors would be
4 x 10-9 watt (E - 20 volts, C - I0F), which is negligible.

IV.3 Energy Dissipation by the Digital Voltmeter

If the DVM dischar s 2 x 10-5 of the chargi corresponding to ttue
voltage difference (EC-IES) in 1 sec and EC and_,Es are withij percent,
then k is reduced by 1 x 10-7 and ES is increased by 1 x 10 in 1 sec
because approximately one-half of the total voltage change occurs in
e-ch capacitor. (Reference is made to voltage and charge inte~changeably
since 9 - Q/C.) Since W - 0.5CE2 joule, approximately 2 x 10-1W joule
of energy in the capacitor CC is dissipated per second. Thii also
means that the energy dissipated in the calorimeter heater each second
is leQR by the above amount. Again, with C - 1C•&F and EC - 20 volts,
this corresponds to 4 x 1-CO watt or with RC = 100 aks the ratio Cf
powers dissipated in the heater and by the DVM is I0u. Hance, the
power dissPoated by the DVM is nugligible.

The input ca4acitance of 200 pF or smaller is typical for integrat-
I-A DVd. The amount of energy absorbed by the DVM would also be
negligible.

IV.4 Constant Current Power Supply

Another consideration in the measurement of enrrgy develoqed in a
calorimeter heater is the time constant of th• constant current power
supply. The -ffects of the switching of current conr '•oions betvsen
the calorimeter heater and the dumW resistor and of Ohe switching of
the chcTper on the power supply have been examined.

IV.4.1 Effects of the Calorimeter Hater-Dum Raistor Switc1l

Ylost of the mdern constnt current power supplies have a time
constant of a few microseconds . Power supplies of I-ioec tim constt
are. however, adequate fos mat applications and i. many respects are
more desirable. In switc-ing irm the dx resistor to the calorimter
heater, a OW witcb action will cause the power supply to experiene



momentarily an open circuit and to react to increase its output voltage.
The operate time of dry reed relays is about 1 msec and that of mercury
relays about 4 msecs. If the open circuit ccndition is kept to a few
tenths of a millisecond, a power supply of 1 msec time constant would
increase its output voltage relatively little (about 18 percent of
the firal value). A longer open circuit condition would allow time for
the power supply to increase its output voltage accordingly.

if the case is considered of a power supply of maximum output
voltage of 100 volts and with 200pF capacitance in its output circuit,
the total energy stored is 1 joule when enough time is allowed to
reach the maxirmim voltage condition. If the operating voltage is
1,0 volts, most of the D.84 J of "excess energy,' yill be dissipated in
the calorimeter circuit, including RC, 1RS, and RS. in the first few
msecs after switching on. If one-half of the excess energy is
dissipated in the calorimeter heater and is not accounted for by the
measuring equipment, a significant error may arise depending upon the
total energy dissipated i, '-.he heater during the whole heating period.
In measurements at low tenperatures, the excess energy could very
easily be greater than the apparent measured energy. For a switch of
a given speed, the maximum voltage condition will be attained more
rapidly ty faster acting power supplies. The problem may be circumvented
partially by operating close to the maJxmum voltage and using auxiliary
resistors in the circuit; less of' the excess energy would then b3
dissipated in the calorimeter heater. Obviously, the power supp]lv should
never be allowed to reach the overload or the unstable condition.

If the switch is operated with the MBB action, the dumy resistor
and the calorimeter heater wi.l. momentarily be in paral&el at both
the beginning and the end of a heating period. The reaction of the
power supply corresponds to that of rapid exponential discharge or
decay at the instant of parallel connection and the relatively slower
exponential build-up situation following the connection to either the
calo-imeter heater or the dummy resistor. The effect fram the MBB
action of the switch at the end of a beating period in negligible if
the ,,make' period is about 0.2 msec. At the beginning of a heating
period an interval corresporling to 11 time constants will be required
tu recover to within I x Il-- of the decay caused by the momentarily
parallel connection. This corresponds at most to the energy of aboult
one time constant times the difference between the full and the decayed
power levels. Depending on the total length of the heating period,
this arount of energy may be significant with the slower power suppiy
of 1-meec time constant but not with a ?ower supply of a few i. sec
time constant.
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These considerations suggest that MBB switch action is preferred
in high precision calorimetry. When t.he operate time of the calorimeter
heater switch is about O•lmsec, the switch action may be BBM with the
slower 1-msec power supply but zwwt definitely be MBB with the faster
l-psec power supply, Ths choice is not, however, of great concern if
the operating time of the switch were very much faster than the time
constant of the power supply. The choice of BEM action will depend
on how rapidly and how much the excess energy would be built up during
the open circuit period, and the choice of MBB action will depend on
how rapidl.y the recovery occurs after the termination of the parallel
connection period. The effect of the ',make,' period of the MBB switch
can be reduced by operatjig the constalit current power supply at
naidmam voltage with auxiliary resistors in series to achieve the
desired level of current in the calorimeter heater.

Corstant voltage/constcnt current power supplies have recently
beco-ue avai~hble with automatic ;icixossover" so that full control
can be retained w~th load resistances from infinity to zeroý. Load
resistances from infinity to the crossover resistance are under
constant voltage control and load resistances less than the crossover
resistance under constant current control. Since the voltage and
current valaes can be independently selected, the crossover resistance
can be located anywhere on the voltage-amperage range of t½, power"
supply. When such a power supply of isec time constant is operated
with the crossover resistance slightly above the calorimeter circuit
resistance, the BBM action can became tolerable for the calorimeter
heater switch.

IV.h.2 Effects of the Chopper

When the chopper is operated at 25 Hz with ore-third of the total
time in the break condition and one-third for the dwell times of each
pair of chopper contacts, the break period be;rween dwell times is one-
sixth of a cycle or ý.? mrjec. At the instant of the beginning of
the dwell period of one pair of chopper contacts thers will be a load
change corresponding to the amount of discharge (energy, loss) that
occurred durLig the two-taiurds of a cyjle or 2C.7 msecs not in contact.
As pointed out in a previous paragraph, the total discharge ýy the
DVYI during a period of I sec is only I0"7 of EC when Ek and E3 differ
by 1 percent. The change In k, during L,.7 msecs is, therefore,
negligible and correspondingly the load change at the instant of the
start of a dwell period will be negligible. The load change at the
start of the break period will also be negligible. Since the dwell
tire is 13. msecs, if any load change did occur there should be
essentiilly complete recovery vcwn with a l-msec power supply. The
conclusion from these considerations is that if the input izpadance of
the DV4 is as high a 1 0lCI oIL'ns, the chopper will have negligible
effect on the per sujLppy.
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IV•4.3 Determination of the Constant Current Power Supply Current

The current corresporndrig to the dial settings of the power supply
can be calibrated. The repeatability of the current for a particular
dial setting can be tested by the same method used in calibration.
Auxiliary switches may be either attached directly to the dials or
manually set to the calibrated current value for automatic recording.
The current should be continuously monitored on a strip-chart recorder.[
Experience shows that our present laboratory unit is constant to
? x 0-o6 for a day or longer.

IV.5 Results of Preliminary Test Exaperiments

The usual high precision, time-tested manual method and the
automatic DVM method just described were compared in a series of rela- L

tively 1Lmitnd power measurements .n a calorimeter. The DVM and related
equipment were borrowed from the manufacturer. The nominal input
impedance of the DVM system was IO1C ohme. The results obtained by
the two methods were essentially the same.

Since the resistance of the standard resist,•r RS should be close
to that of the c~lorimeter heater RC (100 ohms), the power dissipated in
1RS at the level of the highest calorimeter heater current (about 0.2
ampere) will, therefore, be higher than the recommended level of an
ordinary standard resistor. The d~nign of a special standard resistor
capable of stable operation at suitable higher puwer levels has been
investigated and has been found feasible. The resistor will be
relatively large in size for exptising a large surface for heat dissipation
(about 4 watts) and will be cons 'xucted of a wire of the temperature co-
efficient of less than 100 ppm/!vC at the thermostatted temperature of
about 30"C. The preliminary series of test experiments mentioned earlier
using the DVX method was limited by the restriction on the operating
power level of the ordinary standard resistors that were used.

Another series of experiments were performed in which the reference
voltage 1 Eq of eq (9) was supplied by a separate stable reference voltage
source. ThL;s series of experiments is represented by eq (8) (Section
IIl.'). The chopper and the capacitors obviously were not needed. The
heat-capacitj results obtained were within the precision of present
manual methocs.

V. Time Control. of Automatic Heat-Capacity Measurements

As shown earlier in Figure 1, the start of a heating period occurs
at the instant of the termination of the foreperiod. Similarly, the
ottrt of the afterperiod occurs at the instant of the termination of the
heating period. In experiments wnere energy incremen~rs are introduced
successively, the after period beý.omes the foreperiud of the next heating
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interval. The control of two t:Ue intervals, the fore- or the after-

period (the off period of the heater) and the heating interval (the
on period of the heater), can simply be accomplished by means of a
dual racnge electronic preset counter that is caipable of resetting
itself and recycling at the end of the second time interval. The pre-
set counter should be precise enough to obtain the time Interval of
heating direct2ly from its preset counts.

A procedure for automatic heat-capacity measurements and the
control functi cr, required of the dual range preset counter are given
below. A digital clock of about 0.1 sec precision will be needed to

record the running time at which each X and Y counts occur.

1. Test and check out:

(a) coolant 3evel, vacuum and automatic adiabatic controls
for the calorimeter

(b) calibration on the integrating DVM for zero and[ standard cell readings

(c) constant current supply current

(d) 4-PDT chopper
(e ) resistance of dm,• resistor (RD)

(f) reading of the voltage difference between RD and RS
using the DVM.

2. Start the automatic bridge.

(a) check readings or. a standard resistor

(b) s tch over to the caloriaeter thermometer

(c) when the bridge begins to track the thermaieter, start
recording the resistance values and set the criteria
for readout.

3. Decide on the suitable time intervals (counts) for the off
wnd on periods of the calorimeter heater.

4. Set the preset counter for X counts of the off period and I
counts of the •Y-X) counts of the on period of the calorimeter
heater.

5. Sta't the pre-et counter.

*. At the instant of the coincidence of the X count the following
should take place simultan3ously:
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(a) switch on the calorimeter heater

(b) switch on the integrating DVM

(c) record running time of the X coincidence

7. The bridge can be allowed to track the relatively rapid
temperature changes that are occurring or stopped co-
incidentally with the X count.

8. At the instant of the coincidence of the Y count the following
should occur simultaneously:

(a) switch off the calorimeter heater

(b) switch off the integrating DVM

(c) reset the Y count and start the count towards X

(d) record the running time of Y coincidence

(e) start the bridge if previously stopped coincidentally
with the X count.

9. Record the following data:

(a) accumulated count on the DVM

(b) current i

(c) X and Y

10. Reset the DVM.

11. Go to 6.

As the temperature of the calorimeter increases the energy increment
must be increased so that the temperature change would be a reasonable
size. The adjustment of the preset counts X and Y and of the power
supply current should be done before the X count is reached. If the
current supply has not stabilized by the time close to the new X count
setting, the preset counter could bn switched to the stand-by position.
The temperature readings will proceed quite independently and unaffected.

Initially, auxiliary electronic counters should be coupled to the
stirt-itop pulses of the DVM and the calorimeter switch to check their
qua.ity a3 required in eqs C,), (7), and (8) of Section 111.6. The

X an" T coincidences may be sequentially numbered, but the running tims
records v1ll be adequate to identify them. The running tim reizords
will 'Ce used to merge the temperature and energy measuremnt data.

b ....
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VI. Conclusion

j The method outlirnd should permit us to make automatic measurements
of heat capacity. Instruments to which references we,.e made are
constantly beiiig improved, but the general rrocedure Zor automating the
measurements could in principle be as outlined above.
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Chapter 3

STRUCTURE OF THE ALKALI HYDROXIDES. I. MICROWAVE SPECTRUM OF GASEOUS CsOlt

David R. Lide, Jr., and Robert L. Kuczkowski*

NaticrAal Bureau of Standards, Washington, D. C.

Li

AXSTRACT

The microave spectra of gaseous CsOI and CsOD have been studied

in a high-temperature spectrometer. The spectrum indicates a linear

or near-linear mulecule with a large-amplitude, low-frequency bending

vibration. A large number of excited states involving the bending

mode and the Ce-O stretching mode have been identffied. The

rotational constant B shows an unusual variation as the bendingv

mode is excited; the cause is not yet understood. bThe Cs-O bond

letigth is found to be 2.40±_0.01 X and the O-H distance is probably

ab)ut 0.97 i, The electric dipole moment is 7.1±0.5 D. Relative

itil:ensity measurements indicate a Cs-0 stretching frequency of about
-l -l

400 cm and a bending frequency in the neighborhood of 30V cm

All of the avidence supports a highly ionic cesium-oxygen bnnd.

,Tlis research wasiupported by the U. S. Air Force Office of Scientific

Rei earch.

*.1•-RC Postdoctoral Research Associats 1964-66. Present addrose:

Department of Chemistry, University of Michigan, Ann Arbor, Michigan.

5,C'



I
INTRODUCTIOI

I There is very little information on the vapors of alkali metal

f hydroxides. At relatively high temperatures the saturated vapors

above liquid KOH and M40H appear to be largely monomeric, according

1
to vapor pressure r-easurements. At lower temperatures mass

spectrometric studies 2 ' 3 of W&OH, MM, RbOH, and CcOH iudicate the

pre',ence of both monomer and dimer species, with the dimer predomi-

nating in NaOli and KOH!. There appears to be no direct information

on the molecular structure of the vapor-phase species. The structure
of the monomers raises interesting questions, i. particular as to

whether the molecules are bent or li•near. Since the alkali hydroxides

may be regarded as prototypes of a class of inorganic moiecules in

which hydroxyl groups are attached by highly ionic bonds, information

on their structure is of general importance in high-temperature

chemistly,

A number of efforts have been made to detect microwcvr aad

infrared spe:tra )f gaseous alkali hydroxides. However, the results

have been negative, except for one report of weak infrared bands in

VaO1. KOH, and IbOH vapor. We have notr jucceeded in detectinb the

micro.ave spectrum of CsOH; a brief account of this spectrum, as well

as that of WK1, have already been reported.5 The full details of the

CsOH spectrum are presented here.
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The spectrum of cesium hydroxide was observed in a high-temperature

6microwave spectrometer which has been described previously. Some

modifications were necessary for the studies on C9OH. The ceramic

spacers were removed from the waveguide in the hot region because of
hydroxide

attack by the alkali/vapor. The waveguide was therefore su"ported by

mica or teflon spacers near each end; the reduced rigidity caused no

problems. The stainless steel waveguide was lined with thin silver

sheet in order to reduce chemical attack. Although the CsOH spectrum

could be observed weakly in a bare stainless-steel guide, the silver-

lined waveguide proved much more satisfactory. rue sample t~ays were

also made of silver. There was gradual attack on¢ the quartz vacuum

jacket, but a number of runr could be made before replacement was

necessary.

Samples of cesium hydroxide obtained from co&Aercial sources were

held under vacuum at 100-29OC for several hours in au effort to remove

as much water as possible. The temperature was then slowly raised

until the CsOH lines appeared, which usually occurred by 500'C. Most

measurements were made in the range 500-600"C. There was considerable

evolution of gas during the experiments, and continuous pumping was

necessary. Evn so, Lhe total pressure in the hot rejion was probably

of the order of 0.1 m Hg during the messurements.

One major problem caused considerable difficulty in al'. of th.e

experiments. During the course of a run a finite conductivity gradually

developed between the Stark electroas. This caused a deterioration of
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the shape of the square-wave modulation and a corresponding broadening

of the Stark components. Furthermore, it led to an amplitude modulation

of the micre'wave power which eventually obscured the desired signals

completely. It was finali, shown by several experiments that the trouble

was due to thermionic emission from the Stark plates# There was

evidently some decomposition of the CsOR vapor leading to deposition of

metallic cesium on the silver surface. At the operating temperature

the thermionic current across the waveguide was significant, and this

of course produced a modulation of the microwave power at the Stark

frequency.

Various attempts were made to reduce the thermlonic emission by

treating the waveguide surface, but none were vzry successful. The

difficulties appeared to be less severe when the wavc-uide w,.s carefully

j cleaned before a run; however, it must be admitted that the variables

responsible ior good or bad runs are still not well understood. It

was found practical to carry out measurements very quickly before

the emission became prohibitive, particularly if the temperature was

held as low as possible. Lines with second-order Stark effects were

measured first, since they required modulation voltages of several

hundred V/cu. When zonditions bet;ame too bakd P'o observe these 'ine.'i,

attention was turned to lnes which caull be sein with weaker sodulatiou

fields. Through this rather tedicou process the necessary data wore

eventually acc=m lated.

I
I
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Certain very weak lines with second-order Staik effects could never

be seer clearly with Stark modulation. A double-resonance procedure was

7
used for Lhese lines. The J - 1 - 2 transition wao saturated by a

klystron which was amplitude modulated at 80 kc/sec, and the J - 2 - 3

transitiou was observed with a second klystron which was scanned in the

usual way. There wa3 little difficulty in saturating the CsOH transitions I
with ordinary laboratory klystrons.

Samples of CsOD were prepared by dissolving CsOH in an excess of I
98% D2 0 with subsequent drying. Two cycles were sufficient to give a 4

2L
CsOD sample of sufficient isotopic purity to obtain a strong spectrum.

Since the isotope shift is quite large, there was no problem of overlapping

ol the CsOH and CsOD spectra.

The line widths in the cesium hydroxide spectrum were unusually

large. Under the best operating conditions the half-widths at half-

maximum were the order of 0.5 Mc/sec. It is possible that unresolved

nuclear quadrupole hyperfine structure contr.butes to the widths;

however, this is unlikely to be the major contribution, because there

was no significant variation of width with rotational transitiou. A

more probable explanation is excessive pressure broadening resulting

from the unavoidable high pressure of decomposition products in the

absorption cell. One might expect the line-width parameter to be quite

high both for self-broadening of CsOH and broadening by water.

j4
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j ANALYSIS OF SPECTRUM

The spectrum of cesium hydroxide vapor consists of complex groups

of lines separated by intervals of about 11,000 Mc/sec. These groups

clearly correspond to successive J - J+l transitions of a linear or

near-linear molecule. There can be little doubt that this spectrum is

due to mouomeric CsOH. It is difficult to imagine reaction products

which would give a spectrum of the type observed. Furthermiore, the

same spectrum is found when either silver or stainless steel burfaces

are exposed to the CsOH. Polymeric species of CsOH are probably too

symmetric to have a microwave spectrum, and in any event their spectral

patterns would be quite different from t1-at observed. Finally, the

deuterium isotope shift is consistent w.ch the assignment to CsOH, as

discussed below. Therefore, in spite of the difficult chemical problems,

there is overwhelming evidence that v have obtained the spectrum of

CsOH.

The first questio-i wiich arises in atzempting to assign the spectrum

is the geometry Qf Cs0H. A "igie non-linear nodel would give the

characteristic spectral p,'ttern of a neav-prolate asymmetric rotor.

Because of the small twass of the hydrogen atom, the asymmetry would be

very small whatevýr the value of the C90H angle. The spectral pattern

of a J1 -- J+l, 4a-type traAneiticrn should therefore consist of a cluster

of lines, probably tuot completo.y resolved, corresponding to states of

K"- 0, 2,3, etc.; there world also be a pair cf K - 1 lines

"Rymmetrically placed with resp,:ct to this central cluster. Weaker

groups of lines with a similar pattern would be expected from excited

vibrational states. In the cape of a linear molecule there would be &

single strong line from the ground vibrational state plus weaker
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satellites from excited states. However, it is clear that the energy-

level pattern for a bent molecule must merge smoothly into the pattern

for a linear molecule as the angle is varied towa,:d 180*. Thus there

must be an iutermedlate region where the energy levolf do not conform

to eitber bent or linear models, and where the customary spectral

8,9
patterns do uot apply. This "quasi-linear" case ' must also be [

considered, in addition to the-linear and bent extremes.

The observed spectra of CoOH and CsOD are not completely consistent

with thE patterns expected from either the bent or linear models. However,

the patterns are definitely closer to the lineaL extreme (although the

quasi-linear situation cannot be excluded), so that it is more convenient

to use notation appropriate to a linear i-olecule. This will be done

in the present paper, but it does not imply that the equilibrium

configuration is proved to be linear.
L

We shall designate the vibrational state by the usual notation for

a lin.ear triatomic moleclAe, V vkv3 . The vr quantum number refere to [
the normal mode Vl, which is almort a pure Cs-O stret':hing vibrat 4oa,

while v2 refers to the degenerate bending mode. The 0-H stretching mode,

designated by the quantum number v3 , presumably has a frequency, (,3) of

at least 3000 cm . excited statesof v3 vill therefore not be sufficiently

populated to contribute to the spectrum at the present operating

temperature of 500-600*C. Howevzr, c-mpe7isor with- r•l•te: mucl.cules

suggests that (o and w2 are both less tnau kT, so that several excited

states involving Y1 and Y2 should be well-populAted. The symmetry of

the exc'ted states is determined by the quantum number v.. In tbe usual

manner we designate scates of I - 0,1,2,3. ... as ZE TT, 6, A, ... ,
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respectively. For simplicity of notation we shall regard t as an unsigned

quantum number; in the case of the T states, which are split by first-

I order A-doubling, we designate the state of higher energy by s, and the

lower by A-.

The J = I - 2, 2 - 3, and 3 -. 4 transitions have been studied in

CsOH; the mast complete measurements were made in the J - 2 - 3 region.

In CsOD oaly the J - 2 - 3 transitions were measured. In accordanceI
with the notation which has been adopted, the largo number of lines in

each region have been assigned to variouj vibrational stetes of a linea:

molecule, The lines were readily sorted into 7, qr , and A states on

[ the basis of their qualitative Stark effects. The Stark effects also

helped in pairing the 1-doublets from IT states. One @ state was

I tentatively assigned in CsOH; although the Stark effects of § and A

I states are similar, the § state could be recognized by the appearance

of a line in the J = 3 - 4 region without a corresponding absorpticn in

the J - 2 - 3 region. Similarly, the assignment of A states wa3

confirmed by the absence of lines from these states in the J - 1- 2
!

region.

The measured frequencies for CsOH and CsOD are given in Tables I

and II, respectively. The assignment of vibrational states will be

I discussed below. Within the uncertainty of the measurements the observed

frequencies are directly proportional to J+l, which implies that the

energy levels are accurately proportional to J(J+!.). We can therefore

define an effective rotational constant B L (or, more concisely, B )
V1V 2 v3  v

fcr each vibrational state which contributes to the spectrum. The B

I value was ,-alculated from each line from the equation B V -/2(J+l),
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and the results were appropriately averaged. For the TT states the usual

expression for the t+ and A- components,

V- 2B ( +l) -+ q (v2+l) (J+l), .
V"-

was used to calculate B and q. Although centrifugal distortion has

been ignored, a calculation based on a reasonable set of assumed L
molecular constants indicates that its effect should not be detectable

in the present measurements and that its neglect results in an error of

less than 0.05 Mc/sec in the derived B values. The values of B
v v

obtained in this way are summarized in Table III.

It was not easy to arrive at a unique assignment of vibrational

states in the cesium hydroxide spectrum. The available evidence

included regularities in the frequency pattern, qualitative observations

of relative intensities, and the symmetry of the vibrational states as [

determined from Stark effects. By considering all this evidence in some

de.ail, an assignment has been reached which seems far more probable L

than any alternatives. This assignment is indicated in Tables I-III.

We feel that there is strong evidence for the overall correctness of

this interpretation of the spectrum, although it is possible that some

details are in error. The main arguments supportiDg the assignment

will now be discussed.

In each J -. J+l region one intense line from a E state is observed

0which must clearly be assigned to the ground vibrational state, 00 0.

A somewhat weaker pair of 2-doublets is readily assigný_ to the first

1
TT state, 01 0. A weaker, but still quite prominent line from a A state
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I
can be assigned as 0220. The qualitative intensities leave little

doubt that this part of the assignment is correct, since all other

I. lines of correspone4.ng symmetry are decidedly weaker.

While the assignment of these low-lying states is relatively

1. straightforward, the weaker lines present more problems. In a normal

linear molecule with no perturbations the rotat 4 onal constants should

be expressable to a good approximation as

[ B ., =B -

VV2VIA e (Vl+3) - a2 (v 2+l) - a (v 3 +)

( Since we can safely assume that v3 = 0 for all observed states, we

might hope tu =zplain all the satellite lines in terms of two parameters,

a a 1 and a2 . Vhen the B values of Cs0H are examined, one repeating interval

of about 33 11c/sec is found. The symmetry of the states which are

involved shows that this interval must be identified with successive

excitation of v This forms the chief basis for the assignment of the

vI quantum numbers in Table III. In Table IV the increments in B forv

_I unit change in v. are listed. The agreement is seen to be very good

except for the A states of CsOH, where a somewhat smaller interval is

found. This could be an indication of the significance of higher order

terms in the expansion of B., or possibly of Fermi resonance among the

levels. Unfortunately, there is not enough information to make a

I definite decision on the latter possibility. The intervals observed

in CsOD are also listed in Table IV; here there is no anomaly in the

A levels.

I



The data in Table IV fix the values of a as

C1 (CsOH) - 33.3±0.2 Mc/sec /

a1 (CsOD) - 29.3±0.2. /

This - a quite reasonable magnitude for a1 ; it may be compared with

10a = 35.2 Mc/sec in CsF,, Purtbh'rrdore, the deuterium isotope shift

of about 12% agrees well with a rough calcalation Lased on the usual

expressions for th9 a'3 of a linear triatomic molecule.I 1

No well-defined interval which can be identified with a2 appears

in the spectrum. Thus it must be concluded that the dependence of Bv v

on v2 is strongly non-linear. Furthermore, the failure to observe

close pairs of lines from Z and A states indicates a strong dependence

on B on 2. The assignment of v2 quantum numbers is therefore basedV T

principally on the observed relative intensities and on the presumption

of a smooth variation of 3 with v2. It will be noted from Table III
v

that, according to this assignment, the B values for CsOD firstV

decrease but later increase as v2 increases. This rather surprising V

behavior is clearly indicated by the qualitative relative intensitieE;

ro aL-eptable alternative assignment is available,

It is noted that states through v2 = 6 are observed except the --

v2 =5  state. Although lines from 05 10 Tr should be inherently

stronger than those from the 06 20 A state, experimental considerations

led to an effectively greater sensitivity for detecting A states (see

Iabove). Thus the 05 0 lines appeaied to be just below the threshold

of detectability.
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( A question might be raised concerning the possible influence of

vibrational perturbations on the assignment. This possibility has

I been carefully considered, but there is no pobitive evidence of

significant perturbations. A Coriolis resonance is possible betweenI0 1
10 0 and 01 0 and similar pairs of levels. However, this would lead

to anomalous J-dependent terms in the energy, while it has been found

that all features in the observed spectram follow a J(J+l) energy

0 01 dependence. A Fermi resonance between the 10 0 and 02 0 levels also

seems unlikely; attempts to explain the spectrum on this hypothesis

do not lead to a satisfactory assignment. In fact, the normal

Sbehavior of the B values for all levels of v1 9 3 (Table IV) argues

against any significant Fermi resonances (except possibly in the t levels

of CsOH)o Finally, the best estimates of the vibrational energies (see

below) do not suggest any close coincidences which could lead to

perturbations. In particular, the 02 0 and 10 0 levels appear'to be

I separated by about 200 cm -

I-TYPE DOUBLING

I A check on the assignment of the 17 states is provided by the

J-doubling constant- q. The q values calculated by the use of Eq. (1)

are summarized in Table V. There is, of course, some question about

the validity of Eq. (1), in view of the peculiar variation of Bv with

v2 . Nevertheless, the q values are seen to be reasonably consistent.

In CsOH there is an increase in q with increasing VI, which is not so

prominent in CsOD. Also, q (CsOD) appears slightly smaller than q (CsOH)

1 6



while the usual harmonic approximation 1 for a linear triatomic molecule

would predict it to be sbout 10% larger. The interpretation of these

results is not yet clear.

VIBRATIONAL ENERGIES

The assignment of vibrational states in the cesium hydroxide

spectrum has now been placed on a reasonably solid foundation. It would

be desi.rable to obtain further support for this interpretation by

determining the vibrational energies from quantitative intensity

measurements. Unfortunately, the experimental problems place a severe

limitation on the use of intensity measurements for quantitative

purposes. The Stark-modulation difficulties which were discussed L

earlier made it iMpo3sible to obtain reliable relative intensities for

states of diifarent symmetry- Ever, with states oZ the same symmetry

the uncertainties were higher than usual bczause of the accunahlation

of various expArrimentil problems. The only lines on which zeliable

measurements could be made were those from the 0000, 10C, and 0200

states. A series of measurements of these Lines gave the following

vibrational enevgy differencies for CsOH:

E1 000 - EGO 0 - 400±80 cm

E 200 - G000 600-120 cm"

E0 2 00 - Eo1 00 - 200-60 CM

The unceraintie:' take ifrto account the scatter of the Intensity

mecsuremenm:a aad Lhe uncertainty in the sample terprature. Rowaver,

it muet be pointed out that tne meeauremnts were dooe under very



[ difficult conditions, and the possibility of other systematic errors

cannot be excluded.

Since the data in Table IV suggest no unusual amouznt of

anhat-moi -Ity in the v' mode, we can conclude that W, ft 400 cm*.
i-IThis may be compared to (re - 352 cm- in CCT. in the case Ofv the

assumption of harmonic spacing is more questionable, but if valid it

leads to w Aý300 cm *Another estimate of uji. can be obtuined from

I the t-doubling constant. If we again make the rather dubi~usu assuxaption

that q can be interpreted by the usual expression for a linear tri-

(atomic molecule, llwe obtain wi ;: 270 cm -1from the ooserved a for the

01 10 state of CsCK. These estimates of wa,2 mist be str=ingly qualified

because of tl'e uncertain character of the bending potential in CsOII

I (see below); nevertheless, this appears to be the first cxpe$Jmeutal

in~format ion on the bending frequency of an OR Wrop vtiicb is attached

( through a highly ionic bond.

I BENDING POTENTIAL FUNCTION
The majox question still open is the meaning :.f the peculiar

{ ~variation of B as the bending mode is enzcited. These data should
v

provide useful information on zhe nature of the ben~ding potential

function if they can be propeely interpreted. We do not yet have the

I' answer to this question but will poiu: out certain interesting features

of the dataý

An examination of the 3~ otf 0 values s~ows that they' ca be fit

quite accurately to 4 pover sertos. A good fit is obtained, in iact,

t including only terms to (v2'l), (V+!)2 MW The result of a least
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squares fit vith these term is given in Table VI. The coefficients

determined from the fit are:

Em: BOv *o 5518.74 - 18.95 (v 2 +l) + 1.207 (v 2+l) 2 - 1.615 2

"2 (2) -
CSOD: 32L - 4999.23 - -. 08 (v 2÷1) + 0.42 (v+1)2 - 0.830 2 (

Whnm the lenst-squa.-es calculation vao carried oat vith an additional

tera i (-.-I) , oiny a aegligi3la improvemt uin the overall fit resrlted,

and the coefficient of the (v+l)3 tern was not statistically deterained.

There is, of cmm.e, no proof that a power series of this type gives

the best analytical representation of the data. 0owever, it is .ther

striking that such a gcod fit results for both CsOR amd CsCi, and that

the q7-adratic term makes a&Jajor contribution while higher term are

apparently negligible.

The tentatively assigned 0330 f state was omitted from this fit.

The constants iu Eq. (2) predict a B value 4.2 Mr above the observed.

This discrepancy could resuit from an incorrect assignent, although

no other line was detectable near the predicted position. Alte=natively,

higher order terms in the ezpansion nay beccme important when A > 2.

A reasonably good fit can be obtained for all the data, including the

4Sstate, if a term in I is included and the ether par-ameters are

readjusted. However, it seems undesirable to extend this empirical

approach at the present stage.

Any attempt to equate the coefficients in Eq. (2) vith the usual

spectroscopic parameters a2 , *22 etc. is open to question. However,

it is worth pointing out that the coefficient of (v 2+l) is negative
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for CsOH and Cs90, vhfle for 11 knal linear triatecdc r•lleucIs It ii

positive. ftrrhervOre, this cw3st4aL is reduced by a factor of six by

diuteiu .ubttittior, a such larger change than could occur La a

. normal linear aolecule. Finally, the large contribution of tba quadratic

term relatLve to the linear term, bhile higher-order contributions are

Snegligible, is eifficult to rrticoalize with the usual theory af vibration-

F- rotatica Interact-ics.

IT he source of these anaoultes is not yet clear. An obvious

suggestion Is the presence ot a small potential r4 at the linear

comfigurcticm; i.e., a quasi-I/near molecule of the type discassed by

8 9
Thorscu and Nakagzaw and by Dixon. While this possibilicy cannot be

excluded, it does not appear; by qualitative argwoents, to lead to the

- correct isotope effect. An. .her possibility is a highly auharxmicI
potential foactioa with a linear equ~ilibrium confguration. Finally,

it is not out of the question that some of the anomalies are simply due

to the very large amplitude of the bending vibration. It seem clear

that the usual formulatice of rotation-vibration interactions, which

I is based on infinitesimal amplitudes and rectilinear motion, Is quite

inadequate for handling a molecule such as CsaH. This point is now
tI

under investigation.

I. S7RUCTUIR

Although the equilibrium configuration of cesium hydroxide has

not been definitely established, some information on the atructure can

be derived from the spectroscopic date. If one assumes a linear
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molecule, the rotational constants of C40N and Cs• allow determination

of the Cs-C and O-R distances. Table VII gives the results obtained

when this calculation is carried out in two vays. The first method uses

the observed ground state constants, for CsOH and CsOD. The

second calculation makes use of the leading term in Eq. (2), which nay

be re~arded as a quasi-equilibri=m rotational constant; i.e., a

rotational constent In which the effects of the bending mode have been

removed by extrapolation to zero amplitude, while the zer'--point contri-

bution of the stretching modes remins. It is seen that the Cs-O II
distance Ui not greatly affected _y the aethod of calculation; we can

thus take it to be determined as 2.40--0.01 1. On the other hand,, the

C-H distance is suspiciously short when grourd-state constants are

used, but a more reanonable value is obtained when the extrapolated "B ee

is used. This appears to be another manifestation of the very large [
amplitude of the bending mode. Even in the ground vibrational state,

the beading amplitude is so large that the average projection of the L

0-H bond Gn the Cs-0 axis, which is rougbly what is determined by this

calculation, is xiguificantly shorter than the O-H bond length itself.

DIPOLE MMM

ConsiderabLe difficulty was experienced in making quantitative

Stark measurements on CsOH. However, fairly reliable measurements were

obtained on the M - 1 - 2 component of the J = - 2 transition of the

ground vibrational state. The measurements were limited to the field

strength range of 400-500 V/cm because of excessive broadening at higher

fields (see above); frequancy displacements ranged from 9.5 to 16.0 Hc/sec.
12

The field strength was calibrated by measuring the Stark effect of
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the J - G - 1 transition of 7Li 35Cl at the same tmerature used in

the CaQE experimentP. The StarK effect was calculated on the asswiptionI
of a linear molecule. The dipole moment obtained in this way is

- 7.1±0.5 D.

The microwave spectrum of cesium hydroxide shows that the molecule

f is linear, at least in an average sense, although it is not yet clear

whether the equil.•brium configuration is linear or not. The amplitude
of the bending vibration is very large and its frequency is probably

-1
in the neighborhood of 250-350 cm (but there could be a high degree

I -'`Imrmonicity). The Cs-O distance is 2.40±-0.01 X, and the frequency

of the Cs-O stretching mode v is about 400 cm . These are fairly

o1 fetheiel)10
close to the values in diatomic C&F (2.345 X and 352 cm 1 , respectively).

Furthermore, the vibration-rotation interaction constant a has about

the same value as in CsF, and the dipole moment of 7.1 D compares withI 13
7.87 D in CsF. All of this evidence suggests that the Cs-0 bond in

CsOH is very similar to the bond in CsFo We may thus picture the CsOH

molecule as having a highly ionic bond between Cs• and OH and a rather

weak bending force constant.

Further spectroscopic work on the alkali hydroxide molecules is in

I progress and will be reported later.
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Table 1. Obse*vMd fr&quencies in CsOa (in Nc/sec)

State J- 1 2 2 1 2-3 J-31 3 4

00 0 22004.4 33006.6 4"006.2

01 10, £÷ 21952.1 32928.1 43904.2

01l0, . 21920.6 32880.7 43840.3

02 0 21889.7 32834.6

03 10, £+ 21875.3 32813

1000 21871.8 32807.0

10220 32795.8 43728.1

11 10, L1 21821.0 32733.0

4 0O0 32726.5

0310, 21809.7 32715.5

0420 32687.8 43583
S11 1 0, 21786.6 32678.6

0330 43548.3

S06 20 32631.8 43509.3

"12 0 32630.1

12 0 32619.8 43492.7

1310, t• 21743 32614 43483.6

20 0 32607.5 43475.4

2110, 10 .  21689.6 32534.7 43378.4

1310, 43346.4

1420 32504 43336.2

21 10, . 21652 32477.2

2220 32438.4 43250.6

2200 32427

30 0 32406.2

S2420 32320.1 43092.6

3220 32253.8

aFrequencies quoted to the nearest 0.1 Nc/sec are believed to be accurate

to ±0.3 Nc/sec; the uncertainty Ln the remaining frequencies is ±1 Nc/sec.
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Table UI. Obs•-rved frequenciesa rf CsOD (In MeI/*ec)

State J - 2-. 3

06 20 30034.7

031 0,+ 30027.2 "

0400 30000.3 g
01.10, f,. 29991.6

0000 29981.0 1
04 0 29979.9

0200 29973.8

02 20 29954.4

01 10, 1 29946.1

03 1 29928.8

110, 1 + 29815.4

1000 29805.4

14 20 29803.1

12 20 29776.4

1110, . 29768.1

aujncrtainty is believed to be ±0.3 Mc/sec.
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Table Ill. Effective rotation&1 constantP for various vibretioul states 4
of CsOH and CIOD.a

state 3 (C0O8) a (CAOD)1 v v

0000 t 5501.08 4996.83

I 0110 IT 5484.07 4994.81.

0200 E 5472.43 4995.64

02 20 A1 5465.97 4992.40

( 0310 rr 5460.65 4996.32

0330 1 5443.54

1 0u 04 0 r 5454.4 5000.06

04 20 5447.95 4996.65

06 20 A 5438.65 5005.78

1000 F 5467.90 4967.57

* 11 10 5451.0 4965.29

S12 00 E 5438.35

12 20 5436.63 4962.73

' 13 10 1T 5627.0

01420 L 5417.0 4967.18

20 0 0 5434.50

021 10 ir 5417.64

22 0 E 5404.5

S2220 A 5406.36

024 20 A 5386.62

30 0 0 5401.04

2
32 0 6 5375.6

aThose values given to the nearest 0.01 Wr/sec are believed to be

I uncertain by no more than ±0.10 Me/sec. Values givea to

decimal place may be in error by as much as 0.3 Me/see.
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Table IV. V•'.iition of rotational constants with v

7 Ov 0" lily0 0lv,0 " I 22vv 0 "3v 0 1I
22 2 2 2 22

00 33.18 33.40 33.46

11 33.1 33.3

20 34.08 33.8

2 I2 29.34 30.27 30.73

333.7ft
42 3C.9 30.1.

CsOD:

00 29.26

1 29.52

22 29.67 1
42 29.47
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I
j Table V. L-Doubling constants.

s State q (C@ON) q (cool))

0110 7.90 7.59

S03 10 8.19 8.20

1110 8.82 7.88

1310 8.67

1 2110 9.49

I73!I

L
I
U
I
I

t

I
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Table VI. Fit of BIto powereries.1 9*, v 01"

CiOOD .OD

state Cnal Obi-C Cale I I cIn ObI-ca

0000 5500.99 Mec/see 0.09 4996.79 0.04

0110 5484.05 0.02 4994.81 0.00 L

02 0 5472.74 -0.31 4995.77 -0.13

0220 5466.28 -0.31 4992.45 -0.05

03 0 5460.60 0.05 4996.36 -0.04

04-0 0 5454.14 0. 26 4999A°9 0. 17

0420 5447.68 0.27 4996.57 0.08

062 0 5438.74 -0.09 5005.82 -0.04

L

L.
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I I
Table V11. Structural parameters of cesium hydroxide.

From Io0 0 0  from elot

r (CsO) 2.403 A 2.395

I: (OH) 0.920 0.969

a_ 855!3.74 and 4999.23 Nc/sec for CsOR and CsOD, respectively, as

obtained from Eq. (2).

I 7

I
!
I
I
I
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Chapter 4

THE VAPOR PRESSURE, VAPOR DIMERIZATION, AND HEAT OF SUBLIMATION

OF ALUMINUM FLUORIDE, USING THE ENTRAINMENT IETHOL.

Ralph F. Krause Jr. and Thomas B. Douglas

National Bureau of Standards, Washington, D. C. 20234

ABSTRACT

The vapor pressure P of anhydrous aluminum fluoride was measured

at eight temperatures between U94 and 12586K by an entrainment

method. The standard dev.ation of P from a least square fit was

O.15%, and systematic uncertainties of 0.4% in P and 1 deg in T were

estimated, If the vapor were assumed to be completely monomeric and

ideal, this fit would yield Second Law values and their standard

deviations at 1000K of A__ - 69.64 ±0.06 kcal and ___ - 454.8 ±0.06 eu for

O.F (c) q- A.AF'(g) . (1)1

However, corresponding Third Law values were found sufficiently lower

as to indicate that the saturated vapor could be treated as ideal

only by taking into account the occurrence of some dimerization,

2A.LF3 (g) C AA2 F6 (g) • (2)

P was considered as the sum of the monomeric and twice the dimeric

vapor pressure, and smooth values of P aad dP/dT at 1225*K were

determined. The other two independent thermodynamic quantities

necessary to define reactions 1 and 2 were taken as (a) the standard

entropy of reaction 1 derived from published spectroscopic and

1 This work was supported by the Advanced Research Projects Agency under

Order No. 20 and by the Air Force Office of Scientific Researcn under

Contract No. I M5-65-8.
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I crystalline heat capacity data, and (b) the mool fraction of.dizmer as

newly evaluated from two published mgas-spectrometric studies. The

final results at 1o00oK along with their uncertainties were.

f A_° 68.94 kcal and ASO - 44.80 ±0.4 eu for reaction 1, and

._P -56 ±5 kcal and ASS -1 -1 5 eu for-reaction 2. Owug .to the

{l precision and accuiacy of. this entrainment data, these values are

believed to be more reliable than those previously recommended.

INTRODUCTION

As part of a program of research to determine accurately the ...

thermodynamic properties of substances that are important to high

temperature applications like chemical propulsion, a new apparatus

was constructed to apply the entrainment method for measuring equili-

bria between solid and vapor. The high stability of anbydrous

aluminum fluoride AA3 and the ease of obtaining a sample of fairlyI 3
high purity made it suitable for precise measurements.

I Even though several investigators2 -13 had measured the vapor

I 2 W* Olbrich, DissertatJm, Breslau, Tech. Hochschule (1928).

3 0. Ruff ard L. LeBoucher, Z. Anorg. Allgem. Chem. UZI, 376 (193h).

4 1. 1. Naryshkin, Zh. Fiz. Khim. U, 528 (1939).

5 P. Gross, C. S. Campbell, P. J. G. Kent, and D. L. Levi, Discussionr

Faraday Soc. jb 206 (1948).

6 W. P. Witt, Thesis, Oxford Univ. (1959).

7 W. P. Witt and R. F. Barrow, Trans. Faraday Soc. ýL 730 (1959).

8 A. (. vseev, G. V. Posharskaya, A. N. Nemyanav, and Ta. I. Geraeinwv,

Zh. Neorg. Ihia. 2196 (1959).
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9 X. M. Vetyukov, M. L. Eayushtein, and V. P. Poddymov, IUv. Vysshikh.

Uchebn. Zavedenii, Tsvetn. Met. 2, 126 (1059).

10
D. L. Hildenbrand and L. P. Theard, Aeronutronic Rept. No. U-1274,

Newport Beach, Calif., June 15, 1961).

3. D. L. Hfldidtrand, Private COMM., *(March 6, 1961).

12 P. E. ELackburn, Arthur D. Little Rept., Cambridge, Mass., Oby 31, 1965). [
Hon Chung No, M. A. Greenbaum, J. A. Blauer, and M. Farber, J. Phys.

Chem. 4%b 2311 (1965).

pressure of AAF 3 , predominantly from 890 to 11000K ur from 1370 to 1570OK,

mcst of their results were too imprecise to contribute to an evaluation of

the composition of the saturated vapor. Each had derived a ,& forAA 5j(c ) •--iA AAF (

by assumi;n the vapor, to be completely mono~uric o However, a mass-

spectrometric study by Porter and Zeller14 indicated that the saturated

14 R. F. Porter and E. E. Zefler, J. Chem. Phya. Oj 858 (1960).

vapor at 1000K sustains appreciable dimerization,

2ALF3 (9) ; A.2 F6 (g) . (2)

Also, the mrl fraction of dimer in the saturated vapor increases with

tem•erature because a mass-spectrometric study by Btchler15 sh•wed that

1A. Buch1.9 Arthur Do Little Rept., Cambridge, YAss., (Sept- 309 1962).

i.hO of reaction 1 is leos than that for
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17
Consequently, if each of the preceding vapor pressure measurements were

j considered to reflect the presence of both the monomer and the dimer, a

corrected LH0 of reaction 'i wbuld be less than a Second Law value de-

rived by assuming the vapor trbe completely monomeric, and greater

than a corresponding Third Law valuel moreover, the difference between

these uncorrected Second and Third Law values would increase with tempera-

ture. Nevertheless, an inspection of all of these uncorrected heats for

reaction 1 showed no such trend, but rather a

I+ scattering.

The aim of this paper is to show how far the use of our precise

sublimation data can go toward defining the thermodynamic properties of

J sublimation and dinerization of AAF 3 at temperatures where the vapor

pressure is appreciable.r
ENTRAINIMNT METHOD

The entrainment method used in this work involved the flowing of

argon gas through a high temperature vapor coln, holding a £aMle of

ant~drous AAF 3 . The sublimed sample was condensed

downstream while the carrier gas was collected in a tank. Saturation

was closely approximated by using an appropriate geometry of the vapor

cell and flow of the gas mixture.

The vapor cell and condenser wore separate sections of the same

j Pt/O1% Rh omposite tube as shown in Figure 1. The detachable cap pro-

vented accidental spilling of the sappl, from the coll. The exit of

Ithe aell was connected to the condenser by a capillary tube of 5 ca length

1 79
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I 1

and 1 mm inside diameter. Applying Mrten's16 diffusion study indicated

16 u. Merten, J. PIye. Chem. Q, 443 (1959).

ge ometry
that this/allowed negligible diffusion of the sample vapor through the

capillary tube at the gas flows employed in this work.

The crystalline sample of anhydrous AOF 3 , obtained tbrox~gh vhe

I courtesy of The Aluminum Company of America, had bd-An subUlii at 1050CO

in a nickel retort. A spectrographic analysis reported 0.01 to 0.1% Mg;

j 0.001 to 0.01% Ca, Cu, Fe, Mn, Ni, and Si; and 10-4 to 1073 %Cr and V.

Triplicate chemical analyses reported from 67.61 to 68.00% F and from

I " 32.13 to 32.17% At, compared to the theoretical values of 32.130% AA.

The mass of sublimed sample, roughly 200 mug, was taken as the man of the

condenser gain and the boat loss with an average de*iation of 0.3%. The

boat loss was the weight change of the loaded boats minus I to 6 mg of

sample accidentally spilled in the cell. Since the boat lcs was observed

[ to be less t.ian 0.2 ng for several experimnts at zero gas flow, no

correction for diffusion or distillation of the sample was iarranted;

•I nevertheless the condenser gain was consistently less than the boat loss.

•I Apparently the condenser was not 100% efficient; nevertheless this

differenas was near the weighing urcertainty of the 137 g composite tube.

SPreliminary to the argon flow, the atmosphere of air which was held

in the vapor cell prior to its installation in *he furnace was reduced to

10-4 torr while the vapor cell was' bing heated to 500%. Next, 99.996%

j pure argon, dried by anhydrous Mg(CAO4) 2 , was carefully introduced into

the flowpath until its pressure was equal to baropetric pressure.

I
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Finally, after-the vapor cell was heated to its operational texperature,

an additional 3 to 4 hours at zero gas flow was required to attain a

steady temperature. The total prEssUre of the gas mixture in the vapor

cell was taken as the time average of the continuously recorded barometric

pressure plus a head pressure of 0.6 to 1.2 torr. The volume of argon

was measured with'an accuracy of 10 .l by a calibrated gasometer whose

displacement of 14 to 28 liters was corrected for differences in the

initial and final barometric pressure and roam temperature.

VAPOR CELL TEEPENTURE

Usually being the-greatest single source of error in vapor pressure

measurements, the temperature of the vapor cell was measured with special

carel 7 , using Pt and Pt/lO1%0 hthermocouples. As shown in Figure 1

17 W. F. Roeser and H. T. Wensel, J. 4es. Nat. Bur. Std. !, 247 (1935).

a nickel core-in -ai ataosphere ofnitrogen served-to reduce any tempera-

ture gradient.n ten svapor cell *which was centered within an alumina

tube of a wifr-wound resistance furnace. Three thermocouples were in-

serted longitudinally into the walls of the nickel core; two had fixed

differential Junctions aud the third had variable immersion to observe

.the temperature profile. A fourth was inserted along the furnace %xis

with its junction in. the -well near the vapor cell entrance. A fifth was

placed aside to check.periodicall$ the stability of the others. The

thermocouples were calibrated by the NIBS 'eperature Section to an k
accuracy of ±0.5 dog at IO000C.

L
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Some preliminary experiments showed that 4f the temperature gradient

were negative in the direction of the gas flow through the vapor cell,

the sample iapor would condense prematurely and plug the. capillary tube.

To prevent this deposit each of thiree heaters were mmmly adjusted by

an autotransformer to give the same temporature at the entrance and

exit of the vapor cell and at the exit of the capillary tube. Instead ofI
a zero temperature gradient, however, a stea4 profile wa observed to

Idecrease about 2 deg for the first $ cm along the length of, the. vapor

V elJl, to increase linear4y about 4 deg fr the remaixing 15 cm of the cell,

• and to be close to zero through the capillary tube. Besides, the axis

temperature Vs observed to be 0.05 to 0.3 deg lower than that in the

nickel core at the same cross-section.

I The temperature of an experiment was taken as the timr average of

the vapor cell exiý wh6se temperature range was 1 or 2 deg. An automatic

recorder continuously registered the thermocmple eamf relative to that of

a Diesselhorst potentiometer with a precision equivalent to 0.05 deg. A

systematic uncertainty of 1 deg in T was estimated; that of 0-.4% in P

obtained from cq 6 was considered negligible compared to

!/dT - 2.3%/deg derived from eq 7.

TEWT FOR SATURtATION

Since diffusion of the sample vapor throvgh the capillary tube"I wis shown to be'negligible, a test for saturation would be the linearity,

extrapolated through the origin, of the flow of sample mass & versus

the average flow of the gas mixture v at a given cell texerature.

8



When v was varied by a factor of two, this test was satisfied witbin

accidental error as shown by the very close agreement without trend I

of each of the four successive pairs in the d~xth colmnm of Table I.

Another test for the degree of saturation was applied by consider-

ing the mass of sample lost in each of two suoessive boats in the

vapor cell with a teperature gradient. The ratio of the weight loss

of the second boat to that of the firat was observed as 0.03 ±0.005

for v near 220 Wmain and 04 .0.005 for v near 60 ml/xInj the un-

certainty resulted fron ac id•ntas.3 spilling som sample from either

boat for oeh assembly. The paril pressure p of the sample was

assumed to increase with the distance x boyad the start of the first

boat at a given v according to [

dp/dz- a k(P-p) + AD(d 2p/dx2 )/v , (4)

wlere k is a conrstint, k is the oross-eeatioMl1 are, and D is the inter-

diffusion coefficient of ,the gas mixture. If there wer• no temperature r
gradient and p were zero at sero x, integration of eq 4 would yield a

degree of unsaturation at the exit of the vapor cell.less than 0.1%.

Nevertheless, the vapor .prssure P at distance x was aasumd to 1

represented by

P PO(l +box)() L
where Po is vapor 9yesiri~e at the atart of the ftIxtmbt,

e../Id mAw dL / PT. Assui•d rs the observ o intgration of

eq 4 combined with eq zS i1l44 a degree of iwsaturation Ies" tuan

0.4%.
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[ 4MONO•RIC VAPOR ASSUMPTION

If the sample vapor were assumed to be wholly monomeric and ideal,

our enturairhwnt data, represented simply by the two constants of a

Second Law treatment, could be compared to the corresponding Third Law

treatment to reveal whether our data are incompatible with this pro-

Sliminary assumption.* Using a foz' of Dalton's Law,

P 0 PT/(1I + A) (6)

the vapor pressure P was calculated frai the entraiwont dataa

ST t he to ta l g as p re s su r e , n th e n u m b e r of m o le s o f € • l le ot ed a r g on ,

w the mass of -ublimed AAF 3 , and )_.the molecular weight of its monomr.

f The resulting P at eight independently measured temperatures ari

tabulated in Table I.

Applying a Second Law analysis, this data for reaction 1 was fitted

Sby least squares with a standard deviation of 0.35% to determine tte co-

efficients AS0 "n W?0 at T~ - 1225IN in
c C

RAP- ASP HI/T + AC0 [An (T/T~, + (T~ -T)/T] (7)

where AC0 - -2.67R at T was assumed to be constant over our temperature
p TC

range, Both b 0 18ad WAoi(l) in Tab.e I wore obtained by

( 18 bHreafter a definite temperature (°K) will be indicated by a subscript,

a specific reaction by tne numbr in parentheses, and the etandad

deviation by the given tolorkwoe rlZes otherwise stated.

I. calore - 4.1840 Joules.

tep rature corersion using beat capacitise frem tho Lterature as

i discussed later.
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Table Is Results for Reaction I by Ahsumdr4 MWody ftnemwden Vapor

Entraaimnt'-Dati II Im III Law

No.a T q(obs) 9ob) P£I (1) 'P-PTI* Y)P11
(09) (Iwg/mdn) [ Idt (Matm) Wf• w PI)PT

I U94.0 0o UU U2.1 1.500 0.07 68.142 -0.7
2 n19.4-7 0,0781 59.90 1,523 -0.10 68.846 -a.9

3 1212.1 0.2305 .122.5, 20 .. • o.11 6 8 .830 -0.2

4 3217.5 0.•3"42 61-00 2.619 0.00 68.829 -0.2 r
5 2236.9 O.867% 15.a 4-.o7o -0.30 68.82 0.0
6 1233.8 0.1,%8 61.65 3,810 0.09 68.811 0.3

7 2252.5 0.5869 12-.3 5.778 0.08 68.8w 0.8

8 1257.5 0,3226 62•23 6.1 0,03 68.80%" 0.8

AIo(1) ( b 69-64 O,06 68.82 ±o.c"

(aal
a Cku'o.glogi s a•Smo 3, 7, 5, 1, 4, C, 6, and to

b See footnote 18.
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SL add.-,tio,. A ooo (1) was determined by a Third law treatment

of each (PT) pair according to

4ooO.- T[-6(O0 - 'T) R An P) (8)

I The results along with their man are listed in Table I, Each

-A (G°-HOoo/T) of eq 8 ard the Third Law St.O000 (1) were independently

i I evaluated from the previously- rentioned literature from which we

rsalizad the dominat wcart-ainty in the Third Law A} 000 (1) to result

"from that of the apectroscopic entropy of the monomeric gas.

Besides the two previously mentioned mass-spentroscopai studies,

the results of the monomeric vapor assumption indicate that the

i saturated vapor can be treated ;s ideal only by taking into account the

occurrence. of some dimerization of reaction 2. The Third Law values of
!01 AlliO (1) in Table I exhibit the characteristic trend decreasing with

j increasing T. Also, the Second Law A100Q (1) In Table I is appreciably

greater than the corresp.nding Third Law AHO00(1).. Later We shall

Sexamine the extent that our systmiatic error in T and the error in the

Third Law ASO0(1) have upon this trend and discrepancy.

G•--•E TION OF HM1THETEAL VALUES

j A set of thermodandic properties w~hich are svfficent to define

reactions 1, 2, and 3 in the temperature range from 1000 to 500K were

sought to be consistent. with our entrainment data and to appear in best

agreorwnt with other 1xrtinent published data. Only two of these three

reactions are independent; moreove,, swice the high-tUM.rature heat

capaciti , all the species have taen determined experimentally or may

be inferred with sufficient accuracy, Jmst four additional independenz

quantities nmst be known.

87I



I

Two of these four quantities were derived solely from our data,.
namely,.the smoothed values of P2 a (3.1. I). .atm and .

-1"225

(dP/dT) 1 22 5 . =.(7.•$!)"I AtW.deg given by ec 7. Having to- look else-

where for the other, two, cho.e A 0  (1). and the mtol fraction of

dimer in thie saturated vapor, Nd,lOO•O Both A dd,lO were

allowed to assume arbitrary values selected to cover a reasonable range

of uncertninty; in addition a third parameter, AT = (Ttre-Tabs was

introduced to reflect the effects of a possiL ,s.)matic error in our

temperature measurements on- and (2/ - In this way we

generated hypothetical sets :'f values for A4COO(1), A4•o0o(2),

A•000(2), and AHOOO(3) using an IBM 7094 computer programed in,

Omni-cab 1
9i 1.9

J. Hilsenrath, G. G. Ziegler, C. G. Messina, P. J. Walsh, and

R. J. Harbold, _=iOm -ab Nat. Bur. Std. Handbook 101 (1966).

Since P was determined by the m.onomeric vapor assumption of eq 6;,

its resolution into the partial pressures of monomer and dimer must-
- "L

satisfy

-'P= P +2 d (9)m d
Thus, at a given tenperature a set of values of P and Nd correspond to

definite values of P a Pd whici were assumed to be related to proper-

ties of reaction i or 3 respectively by

- exp[(AS0/R)- (AH0/FT)] . (10)
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I The relationship among reactions 1, 2, and 3 is obviously exemplified by

' IH (2) - AH°()' - 2Q°(l)

In making temperature conversions of the AS and AH of reactions 2 or

3 between 000 and 1225*K, the gas species involved were assumed to

have eqaipartitioinal beat capacities.

[IThe resultv of. these calculations are represented graphically in

Figures 2(a), 2(b), amd 2(c), where AqO0 w3), AHo,0 OOL), and

AsOO? (2), respectively, are plotted versus Nd.1O00 at selected values

for 10ooo(1) and AT.

EM•R0PY OF SUBLIMATION

As one of the four quantities mentioned above, AS°e (1) was

Sevaluatsd after consult._ag the literature for the usual Third Law data

and ez=Lning refinements wich proved significant cnpared to t1le

S relatively high reliability that we belieze the tno quantities from our

data have. King had masured precisely the heat capacity of the crystal

S 20E. . King, J. Am. Chem. Soc. 79. 2056 (1957).

from 55 to 2980K. Being in good agreement with 0'Brien and Kelley21,

Douglas and Ditmars measured the relative enthalpy of the crystal from

21 C. J. O'Brien and K. K. Kelley, J. Am. Cher. Soc. 19., 616 (1957).

22 T. B. Douglas and D. A. Ditmars, J. Res. Nat. Bur. Std. 7Il, (1967).

273 to 1173*K. The uncertainty in the entropy of the crystal arises from

"estimated uncertainties of 0.08 eu/mole from the low-temperature measure-

ments and 0.04 eu/mole from the high-temperature measurements.

89
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Figure 2. fbpothetical Values of: (a) AH 0 0 0 (3),(b) AO 0 00(l), and (c)
AS000(2), consistent with this work, versus arbitrary mol fraction of
dimer Nd,loOO'at selected values of AT and AS000(l). See next two pages.

d ou-opectrographic work by Porter and Zeller4 which gave
N%,1O00- o.014 ±0.003.

e 15 ~()±Mass-spectrographic work by Blchler which gave A 000(3)= 85.8 ±3 kcal.
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I The entropy of tae ideal monomeric gas was established within

narrow limits by applying the harmonic oscillator, rigid rotor approxi-

mation (HORR) to the published spectroscopic data. Analogous to the

better known boron fluoride BF3 , the AIF molecule was assumed to have

planar symmetry D * An electron diffraction study by Akishin et a123 had

- ~3h*

23 F. A. Akishin, N. G. Rambid!, and E. Zasorin, Kristallografiya 4_2

186 (1959).

given the AI-F bond distance as 1.63 L Since Lide24 had shown the

2 D. R. Lide Jr., J. Chem. Phys. L, 2027 (1963).

t corresponding distance in aluminum monofluoride to be 1,654 A by microwave
spectroscopy and since the bond distance in BF is 0.63 A higher than that

j in BF, we adopted 1.66 ±-0.031 for that of AlI 3 . r3'°

A molecule of this symmetry has four fundamental vibrational fre-

quencies (V V 2, v,3 , and v4), the last two being doubly degenerate.

SLinevsk 25 r6cently made infrared measurements pn the matrUx-tsolated

25 M. J. Linevsky, Space Sci. Lab. Rept., Philadelphia, Penn.,(Nov. 30, 196Q.

I vapor down to iear 180 cm Being most definitive, his results in argon

were adopted here while his range of peaks in krypton and xenon are given

in parentheses: V2' 266 (251-266); v3 , 94o0 (921-947); and v4' 251

(243-255) cm"I. Using a double oven to superheat the saturated vapor by

300 to 400 del, he observed a marked 'ttenuation of other eaturated-vapor
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ii
bands, supposedly attributable to the dimer. He considered that his/. I

assignment of v and v was confirmed by the fact that the matrix
3

appeared to remove the degeneracy from the two bands assigned to these

two modes.26 -
two modes. Similar to Linevsky, Snelson reported 300, 965, and 270 cm

26 A. Snel-sOr, Private Cbmhun.,"(Feh .`8, i967).

for v2 , v3 , ahd v 4 respectiveVy. 'Also, direct infrared observations of

the high.temperature vapor have been reported. Blchler 2 7 found 297-, 935,

27 IAi BXchler, Arthur D. Little Rept.,. Cambridge, Mass.-Owle 30, 1962)

and 263 cm, for2 V2  an d v respectively. 1c'Cory et al. found F
28 L. D. &Cory, R. C. Paule, ani J. L. Margrave, J. Phys. Chem. 67,

... 8. (1963).

945 cm.z for v 3
Since9 Y i s :.nfrared inactive, an adopted value of 646 cm-1 was calcu-

1

lated from the other three adopted frequencies by a three-term quadratic

potential for a planar XY3 molecule2 9 . We compared this value of v1 with
L

29 G. Herzberg, Infrared and Raman Spectra of Polyatomic Molecules,

D. Van Nostrand Co., N. Y. (WI5) p. 177. r.

that given alternatively by another more empirical method. Assuming that --

the symmetric stretching force constant is greater in ALF3 than in ALF by

the same amount compared to BF and BF, namely 11%, vI was estimated to
1 53

be 658 cm*- for A.LF 3
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[We attempted to realize the extent of an anharmonicity and stretch-

Lng correction for the entropy of the gas at 10000 K. The formala

S derived by Mayer and Mayer30 for diatomic molecules gives +0.1 eu for

30 J. Z. Mayer and X. G. Mayer, Statistical Richanics, John Wiley

Iand Sons, N. Y. (194o) p. 165.

AWF at 1000*K. Assuming that the anharmcnicity is comparable and that onlv

Sthe stretching modes for ALF3 contribute, led to the belief that the

I correction would be approximately +0.2 eu/mole. On the other hand,

neglecting anharmcnicity and stretching, an uncertainty in the entropy

of the monomeric gas was estimated to be ±0.4 euk/mole.

Ir~xidcnt-lly, cur vapor piessure data set for the entropy of the moncmer-

ic gas an uapper limit which is 0.8 eu/rol.E iigher than the adopted value.

SThis maximum value is obtained by assuming the acLopted entropy of the

crystal to be too high by 0.1 eu/mole and the dimer content of the saturated

*vapor to be zero. With the same asswaptions, a Second Law treatment applied

to the vapor pressure data reported by Witt , whose precision is comparable

[to ours as shown in Figure 3, :vould indicate an upper limit that is

0.2 eu/mole higher than the adopted value. That his limit is smaller than

curs is in keeping with the fact that dimerizaticn of the saturated vapor

is less extensive in his temperature range than in ourrj.

R-OE O ED VALUES

A final choice of values adequate to define completely reactions 1,
2, and 3 at high temperatures can be made by locating a point on any one

of Figures 2(a), 2(b), or 2(c). Such a choice is most simply made from
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Figure 2 (a) since this graph plots the two quantities directly evaluated

from mass spectrometric studies reported in the literature. These two I
experimental values, A,.m0 (3) - 85.8 t3 kcel from Btahler's• Secor Law f
treatment of his data and Nd,l 0 0 0 - 0.014.±0.003 from Porter and Zeller'I

data, locate a .point which is at the center of the dashed rectangle, whoso

size corresponds to the two respective standard deviations.

Unfortunately, the center of this rectangle is at some distance fr•

the solid curve, which is the curve corresponding to our data and the

adopted value of AsO00(1). It is then a matter of Judgment as to how beat

to compromise this discrepancy. In view of the superior precision of oiw

data, corresponding to a spread several times smaller than the distance

between the two innermost dotted curves, we decided to. require that the

finally selected point lie on the solid curve. Next, two points•o• n -the

curve were chosen, ora agreeing ezcac1y with the mean reported value of

ai00 , (3'and the other agreaing axactly with the mean reported value of

Nd,1 00 0 . The true value of Nd,1000 was assumed to liA between the abscisa

of these two points. Furtherrcre, lacking information as to the relative

systematic errors associated with the reported values of Aq000) and

Nd,1 00 0 , we selected approximately the mean of the two abscissae as a

recommended value for N with an uncertainty determined by these

two extremes.

This recoummenzed value of Ndl0 along with the solid curves of

Figure 2 and eq 11, gives the recommended values of the other quantities

as listed in Table I. .(An extra digit is retained to preserve internal

co;.Istency.) On the basis of our earlier discussion, uncertainties of
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STable I1: Thermodynamic Values for Reactions 1, 2, and 3 at 1000K

A .(i) ~sow AH.(2) Aso(2) Afs-(3) N d
(kcal) eu) (kcal) (eu) (kcal)

I Previous Work 67.3 ±3a 44,12b _4,8 ±3c -32 ±3c 85.8 i 3a 0.014 ±0.0003

L This Work 68.94 44.80 -56.2 -41.3 81.7 0.0091

Unc ertainty

Sfrom 6 Nd ±0.03 ±3 ±3 ±3 ±0.004

from 6AS°(1) ±0.4 ±0.4 ±4 ±4 ±4

from AT = ±1 deg ±0.06 +0.6 ±0.6 ±0.6

S Overall ±0.4 ±0.4 t5 ±5 ±5 +0.004

a Reference 15. b Reference 31. C Reference 14. The value reported for AH°(2)

depends upon ASP(2) - -32 eu, which had been asoumed by analogy.

31
ID. R. St~ull et OL, JAFATF Thermochoaiical fables,, Dow Chemical Oo.,

Midland, Mich., (Sept. 30, 1965).

I
I.
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-. nNa 1 000 , ±0.4 e. in AsO00(1), and ±1 deg in AT were somewhat

arbitrarily assumed; the uncertainties in each quantity In Table II

corresponding to these separate magnitudes can readily be deduced from

the curves of Figure 2, and are tabulated along with an overall un-

certainty from the three sources. Also, several valus resulting from

previously published investigations are given in Table II for covparison.

The precision of our entrainment data was ap ly demonstrated by its

comparison to that of some other investigatiors. '3,96,8os,0ll'12 After

each reported vapor pressure was corrected for dimerisation by the

recomendedvalues of AH (2) and A3S(2) in Table II, A000 (l) was

calculated by eq 8 and plotted in Figure 3 at the teoperature of its

measurement. The consistency of our points contrasts with the scatter-

ing of most of the othem, Only the results of Witt 6 4ree rather closely

with ours except for a systematic discrepancy equivalent to about 1 L.

dogree in measuring temperazure. Nevertheless, even if biis data has the

same prer.ision as ours, it could do much less toward evaluating

dimeritation; for Nd is much smaller at his temperatures than at ours.

While our precise entrainment data have not made it possible to

ausign smaller uncertainties to the individual quantiti- Itisted in

Table II than +hose previously cited, it should be poinrz.f aut that

these quantities are nuw much more precisely related to one another tnan

the overall assigned tolerance of .- y that we might suggest. As a

result, future precise measurement of one or possibly two other judic•e•usly

chosen properties of the aluminum fluoride system should be sufficient to

permit fixing precise valuus for all these quintitiea.
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L
There are numerous other substances beQ.ides aluminum fluoride for [

which the status of the data available for evaluatig the thermodynamcs

f evw.poration and vapor associatton is similar. knvariably, the various
sa

typts of data are related complexly, and hencc "rzorzistenciea among

them are not easy to eialuste. We believe that such parametric plots as

Figure 2(a) offer perhaps tae clearest and most objective means of

establishing what the inconsistenciea are, how sensitive they are to

errors in the various types of data, and wbetber-there are one or more

sets of fudamn ta"i thermodynoaic quantities which appear to fit [
al-, the available data within the res~ective e4- rimental reliabilities.
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A MASS SPECTROMETRIC STUDY OF THE BeO-BeF 2 SYSTEM
AT HIGH TMTERATLJPES

J. Efi.menko

1. INTRODUCTION

This is a final report, including revisions, of the study of theSBeO-BeF. reaction made in this laboratory. The study was initiated to
provide thermodynamic data, previously unavailable, for 'tb vapor-
condensed state reaction of these two coqpounds.

At first the individual compound* were examined spectrometrically.

Although the *ass spectra of BeF. [1,2] and aiO [3,4] had been obtained
by others, it was advisable to establish bhe mass positions: fragmentsI ~and -other characteristics with the same instrument to be used for the
system. This is of importance in order to distinguish a product of
reaction from impurities. etc. At the same time it was possible to
obtain data of intrinsic interest on solid BcF-.

j ~2. EXPERDlEMIAL

2-!. Mass Spectrcmeter

""nz instrument used in this research was based am the desigz cf
Chupk-a and Inghram (51 and was brclr by Nuclide Analysis Associates
(Sea te College. F-e-sylivania). It is classified as a 12-inch radius cf

t ct-aturej -60' sector, directional focusing ins trume-at. This -early
desicn hais the Knudsen cell source sectior- positioned 60* from the
vertical and the generated molemlar beam is coaxial with the ion bean

! produced. This mass spectrcreter design is described in detail in
reference 5. A modification was made to the vacu' pumping system.

by replacing the ruo-inch mercury vapor pump on the Kni-dsen cell
chamber with a six-inch mercury pump.

2.2. Bervllium Difluoride

For th.- vaporization of beryllium difluoride small effusion cells
fabricated from molybdenum and nickel were employed. Each was of half-1 inch outside diameter, one inch high with a one-sixteenth inch wall
thickness and a one-half millimeter diameter cylindrical orifice in the
cover. Heating was accomplished by radiation from a concentric, cyiin-

I drical helix about the effusion cell. The temperature sensed with a
I Pt-PtRh (10%) thermocouple fastened into a hole in the bottom of the

cell was taken to be the vaporization temperature. It was not possible
to determine the temperature gradient along the cell but no condensa-
tion of BeF. was visible un the top half of the effusion cells at the
conclusion of an experiment.

1 101



t

Beryllium difluoride was obtained from Brush Beryllium Company
and was partly dehydrated by heating to 400"C for 12 hours. A sampl'e
of this material had been ground and passed through 20-50 mesh. The
x-ray pattern made at NBS of the Be?, sample did not show a high degree
of crystallinity. The detectable pattern could be attributed to the
hexagonal form. Chemical analyses at N38 indicated less than 0.017. N
present. The beryllium difluoride specimens were not water free.

2.3. Beryllium Oxide

Beryllium oxide was volatilized from a tungsten effusion cell,
three-fourths inch outside diameter, one and one-fourth inch long, one-
eighth inch wall thickness with an orifice in the cover, one millimeter
in diameter. The cell was heated by a regulated electron bombardment
unit (Cambridge Products Corp.) and a Leadc and Northrup optical pyro-
meter was employed to obtain the temperature present in a radial hole
near the bottom of the cell.

The cell was filled three-fourths full with the oxide which was

in the form of a very fine powder.

2.4. Be0 + e

Due to the large difference in vo.atility of these two compounds, L
a modified rzaction cell was devised. The low melting BeF2 was contained
in a tantalum tdbe attached into the bottom of a molybdenum effusion
cell. One tantalum tibe was 6.3 -m outside diameter, 0.375 ma wall thick- £
ness and 79 sm long. The second tantalum tube employed was 150 nmn in
length. The effusion cell containing a granulated beryllium oxide was
heated by electron bombardment and the temperature gradient establibhed
along the tube insured that no BeF2 would condense elsewhere. A deep
hole located radially in the thick molybdenum cell bottom was used to
indicate the reaction region temperature with an optical pyrometer. A
Pt-Pr•d (10%) thernocouple spotwelded to the tantalum tube bottom
monitored the temperature of the BeF. source.

The experimental condition was modified by attaching the 150 mm
tantalum tube to the same effusion cell. This allowed the relative con-
centrations of the reactants to be altered in the effusion chamber by
establishing a different temperature for the beryllium difluoride.

The 3.0 used in this part was a low density solid prepared at
NES. A spectrochemical analysis performed by the NBS Spectrochemical
Analysis Section indicated amounts found by weight per cent - > 10, Be;
0.01-0.001, Al, Si; < 0.001, Ba, Ca, Cu, Mg, Mn, Pb; questionable trace,
Cr, Sn; not found, Ag. As, Au, B., Bi, Cd, Ce, Co., Ni.
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I
3. RESULTS AND DISCUSSION

3.1. Beryllium Difluoride

Experimental data are presented in table 1 and in the form of a
log IT vs l/T plot in figu:re 1. The curve was fitted by a least squares
treatment. The slope of this curve gives a sublimation enthalpy, 1W. .
55.35 ± 0.53 kcal/mol. Reduction to absolute zero reference state was
made using table A-51 (NBS Report No. 8504) and table B-58 (NBS Report
No. 8186), No - 56.28 ± 0.53 keal/sol. A tabulation of literature sub-
limation enthalpies are listed in JANA' Thermochemical Data Tables (6]
under beryllium difluoride and. the values which were considered acceptable
by the compilers ranged from 54.0 to 57.0 kcal/mol for second law calcu-
lations and 54.14 to 55.36 for third law results. Some difference between
those results and the work done in this laboratory may exist because the
specimen used in this work was mainly glassy. However, as mentioled in
reference 6, the enthalpy difference between glassy and crystalline
beryllium difluoride is most likely of the order of one or two kcal per
mol. It should be noted that the reference temperature for the NBS
reports is absolute zero whereas that for the JANAF tables is 298*K.

A mass spectrometric calibration was not carried out with the
effusion cells used for Bev, as vapor pressure data already were avail-
able through absolute measurements (2,8-12].

Initial heating of hygroscopic BeF. produced copious amounts of
ions, m/e 18, 19, 20 and some transient species. Those listed in table 2
illustrate from an exploratory experiment, with a layer of BeO on top of

f some BeF., the ions produced. In all experiments a large background
intensity at m/e 28 (CO,%*) prevented reliable intensity measurements
for (BeF)+.

I 3. 2. Beryllium Oxide

The vapor species from the oxide appeared in the following mass
positions: m/e - 9., 16, 75, 32, 25, 50 in decreasing order of intensity
at approximately 2100*C. The positive ions corresponding to these
masses are Be+, 01, (BeO).+, 0,+, (Beo)+, (BeO) 2 +, which check with
results of prevtous investigators [31. A more detailed study of BeO
will be presented at a future date.

IIn this experiment at the high temperature, part of the beryllium
ion intensity showed a behavior often referred to as "photoeffect" [7]
or "anomalous ion effect" with this instrument. This effect may be a

I factor in the discrepancy between mass spectrometric and Knudsen weight
loss measurements for the decomposition pressures of BeO. Mass spectro-
metric results are valid only if the ions are formed by electron impact
in the ionization source.. The routine use of a shutter alone to
differentiate the ions issuing from the effusion cell and originating

in background gases does not detect the "anomalous" effect.
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Table 1

DATA

Index IK47 (1 volt) I
No. T, " (scale) I• T 10/T

1 721 1.60 1153 1.3870
2 723 1.60 1157 1.3831
3 724 1.70 1232 1.3812
4 749.1 6.00 4495 1.3349
5 749.7 6.40 4798 1.3339
6 754.4 7.50 5638 1.3256
7 780.3 24.3 18960 1.2816
8 780.1 24.3 18960 1.2819
9 783.2 27.3 21380 1.2768
10 781,1 26.1 20390 1.2802
11 781 24.9 19450 1.2804
12 780 24.3 18950 1.2821
13 795.1 47.0 37?70 1.2577
14 796 48.0 38210 1.2563
15 796.5 50.0 39830 1.2555
16 778 23.0 17890 1.2853
17 778 23.3 18130 1.2853
18 777.5 22.8 17730 1.2862
19 776 20.1 15600 1.2887
20 753.5 6.90 5199 1.3271
21 753 6.75 5083 1.3280
22 714 O.;5 678 1.4006
23 714 0.90 643 1.4006
24 745.5 4.80 3578 1.3414
25 745.7 4.75 3542 1.3410
26 747.1 5.10 3810 1.3385
27 748.8 6.40 4792 1.3355
28 786.0 29.5 23190 1.2723
29 785.4 29.0 22780 1.2732
30 818.9 111.0 90900 1.2212
31 790.1 38.0 30020 1.2657
32 789.1 38.0 29990 1.2673
33 787.9 38.0 29940 1.2692
34 785.5 34.2 26860 1.2731
35 762.2 12.8 9756 1.3119
36 768 13.5 10370 1.3021
37 76, 13.8 10630 1.3021
38 767 13.8 10580 1.3038
39 767 13.5 10350 1.30A8
40 777 21.5 16710 1.2870
41 738 2.65- 2694 1.3550
42 735 3.45 2536 1.3605
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I Table 1, continued

Index T, OK 147+ (1 volt)
Nde (scale) I T 1lM/T

43 705 0.66 465 1.4184
44 710 0.80 568 1.4085
45 746 5.15 3842 1.3405
46 737 3.35 2469 1.3569
47 730 2.75 2008 1.3699
48 776 23.7 18390 1.2887
49 772 19.8 15290 1.2953I

I
I

I

I
I

I

i

ao5

I.
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Table 2 I
Vapor Species from BeF2 "XO2 0 + BeO

During Initial Heating

m/e Probable TK 'Specie T

20 (HF)+ L
23 (Na)+

26 (BeOH)+ < 1700
27 (BeOH )+ low U
36 (HOF)* < 1700
38 (F r)+
44 (BeOF)+ low
47 (BeF )+
64 (BeOF )+ < 1800
72 (BeOF )+ > 1600
75 (BeO),ý > 1350 .

Where no temperature values are
given, the intensities were detect- k
ed only below the optical pyrometer .
scale, i.e., 7000C.

L
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FIGURE 1: The cur-e is a least squares fit to the data
of Table 1. The heat of sublimation obtained from this
curve is 55.35±O.53 kcal/r.ol for the arithmetic mean
temperature, 7550K.



3.3. BeO-BeF2 System

The presence of Bee F, in the temperature region above 1600*K

permits examination of the equilibrium:

BeO(s) + BP 2a(g) r. Be, OF2(g)

Data from the first set of experimental conditions, computed equilibrium
censtante and reaction enthalpies referred to absolute zero are shown in
table 3, also similar information :esulting from higher temperature
observations is given in table 4. Auxiliary:data and the sources are V
presented in table 5. The reaction enthalpy was obtained also by plot-
ting the ratios of ion intensities A, as log A vs I/T, illustrated in
figures 2 and 3. Least squares computations determined the slopes for
the experimental points and their standard deviations. These slopes
were used to give the reaction enthalpies, e - 39.25 Ž 3.5 kcal/mol
and -°o f 40.68 ± 0.86 kcal/mol. These enthalpies were corrected to
absolute zero reference state, giving-N - 40.50 ± 3.5 kcal/mol and r
42.62 ± 0.86 kcal/mol from which one. has a mean value 41.56 ± 1.8 kcal/
mol. The values of the reaction enthalpies shown in tables 3 and 4 give
a mean value, hT - 42.6 kcal/mol. Using the mean enthalpy obtained
from the slopes, Lhý - 41.56 kcal!mol and the heats of formation from
table 5, the heat of formation of BaO(g) was computed, 41g, - -283.3.
kcal/mol.

The ion intensity ratios were converted to equilibrium cc-istants
with the aid of a silver calibration value obtained experimentally and
ionization cross-sections shown in table 5. The expressions shown i:-.

(I,(2)., and (3) were emp~loyed to obtain the desired thermodynamic

quantities from the experimental data.

IT(1)

S1 inSt -"- (2)oa 'Y; T1

lo C (3)

I + 0 positive ion intensity of specie i
P1 - partial pressure
Si - mass spectrometric sensitivity for. specie i
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S - pass spectrometric sensitivity for calibrating specie, Ag4

)as ionization cross sections for i and a
ytys - multiplier efficiency for i ond a
T1,T - absolute temperatures

k-equilibrium cons tant
a - reaction enthalpy at temperature T

R - gas constant

Although BS OF, may be formed by reaction between BeF? and one or
more of the polymers of BeO(g), the reaction postulated is considered to
give the greatest contributlon because of the low intensities of the
beryllium oxide vapor molecules even at the high temperatures of tha
experiment. The reaction with solid BeO does not occur to a large, extentI as evidenced by the magnitude of che equilibrium constant. Analysis by
x-ray diffraction of the BeO solid before and after reaction with BeF2
indicated no new phases, only a BeO phase with a slight contamination of

I molybdenum oxide.

Due to the uncom on design of the Knudsen effusion cell, a check
was made for equilibrium conditions. The data in table 3 were obtained
using a large concentration of BeF2 (g) in the reaction zone. Then the
concentration of BeF2 (g) was decreased by replacing the short tantalum
tube with a longer one as described in section 2.4. and the data in
table 4 was obtained. Both straight line plots shown in figures 3 and 4
show that the Mass Action Law was obeyed. These two experimental varia-
tions also indicate that the flow rate of BeF (g) to the reaction cell
was not a limiting factor. The interior of lYe Knudsen cell was carefully
baffled, requiring the BeF (g) to enecute a reverse flow path before
leaving the effusion cell. Its intensity was taken as a measure of its
concentration In this reaction.

I
Spectrochemical analysis indicated two elements that might cause

interferrnce. with the identification of the product determined, B% OF2 .The beryllia contained Si• and Al as contaminants I the range 0.01-0.001
weight per cent each. Silicon. was present probably as the oxide. In a

reducing environment a possibility exists that (SIO)+ would have been
gererated at high temperature. In the presence of an excess of fluo:ide
it is more likely tLat "SiOF)+ should have appeared at m/e 73. The
experimental heating times were lengthly and impurities generally
decreased with time but the observed product, (BeOF2 )+, increased with
temperature and did not decrease with time. Aluminum in the form of its
oxide might react in the presence of water vapor to produce (A1.0)+
under proper high temperature environment. After extended pumping and
gentle heating the ion intensity of water decreased great'j but this had
no effect on the ion intensity of (B% OF,)+.

Ionization of the vapor species with electrons of 70 ev energy
must cause some fragmentation. Since the equilibrium constant for this
reaction depended only on the ratio of product and reactant, each to the

I
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Table 3

Mass Spectrometric Temperature - Intensity Data

Index TP*C I ; K*xtO I n
No. CrrC. Volt Volt

4 1285 1570 0.013 7.3 0.908 41.9
5 1307 1592.5 0.011 6.6 0.852 42.9
1 1337 1623 0.025 6.7 1.90 41.1

13 1343 1629 0.017 5.7 1.52 42.0
6 1383 1670 0.040 8.4 2.43 41,4
3 1425 1713 0.081 15.0 3.06 41.7
12 1431 1719 0.081 20.4 2.04 43.0
7 1465 1753 0.126 19.2 3.35 42.3
2 1500 1789 0.530 50.8 5.32 41.5

11 1522 1811 0.470 52.0 4.61 42.6
8 1530 1819 0.470 42.0 5.72 41.9
10 1548 1838 0.700 61.0 5.86 42.2
9 1600 1891 1.200 80.0 7.66 42.4
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Table 4

HMass Spectrcmetric Temperature - Intensity Data

Index TIOC TYOK Cor . 1,+ 3,t K*Y102 6kNo. , , Corr. Volt Volt

28 1738 2032 0.050 1.98 1.29 4'3.3
21 1740 2034 0.024 0.87 1.40 43.0
22 1740 2034 0.020 0.74 1.35 43.2
23 1783 2077 0.029 0.86 1.72 43.0
24 1820 2110 0.075 1.41 2.71 41.8
27 1825 2119 0.138 3.40 2.07 43.2
25 1855 2150 0.108 2.37 2.22 43.2
26 1875 2169 0.228 4.00 2.91 42.5

43 1582 1872 3.009 0.75 0.61 43.0
42 1640 1937 0.019 1.08 0.90 42.8
31 1655 1947 0.017 0.99 0.91 42.9
32 1700 1992 0.032 1.38 1.18 42.9
41 1713 2013 0.040 1.62 1.26 43.0
33 1750 2045 0.051 1.68 1.55 42.8
40 1760 2054 0.087 2.85 1.5r, 43.0
3,. 1785 2079 0.093 2.64 1.80 42.9
39 1810 2105 0.110 2.82 2.00 43.0
35 1829 2125 0.153 3.50 2.23 42.9
38 1838 2134 0.153 3.40 2.30 43.0
36 1857 2153 0.273 4.30 3.24 41.9
3? 1898 2195 0.295 4.90 3.07 42.8

The chronological sequence of experimental measurements is recorded by
the index nmbers. Equilibrium constants, K* are computed from the
data; the ag values, heat of reaction at absolute zero, were computed
from free energy functions. In table 4, data with index nos. 21-28 and
index nos. 31-43 were taken at a day interval. The data of table 4
were taken 6 months after the data of table 3.



Table 5

Auxiliary Data for Computations

Value Source

Wir.~do Transmissivityt, 5.00±0.63xi0"s Author
Relative Ionization Cross-sections, ref. 2

Be , 6.31
0 , 3.29
F , 1.85

Standard Heat of Formation
6W• keel/tool 4W99s keel/tool I

BeO(s) -142.28 -143.1±4 NBS Report 6928, July
BeFa(g) -182.55 -182.9:5 1960, Table C-2

Enthalpy of Reaction
WOltO 42.22 kcal/mol comp-ited
W 41.56 kcal/mol computed

6W035 40.68±0.80 kcal/mol this work

Enthalpy and Free Energy Functions
BeO(s) NBS Report 6484 July, 1959 Table 2-8
BeFq (8,C) NBS Report 8186 Jan., 1964 TAble B-58, revised
BeF2 (g) NBS Report 8504 July, 1964 Table A-51, revised
Bema (g) NBS Report 8186 Jan., 1964 Table A-86
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same power, errors due to fragmentation and erroneoue ionization cross
sections tend to be minimal. However, the value of the slope is not
dependent on the absolute value of the intensities and is free of the
abovc uncertainties. Nlthough there is question that some additive
ionization cross sections may be too high (131, no simple advancement
has been made over the additivity rule.I
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flnapt~r 6

VAPORIZATION OF REFRAC TORY ML,£ERIAL:
ARC-DMGE hMSS SI'ITROMETRY

J. J. Diamond and A. L. Dragoo

The E.A.I. Quad 200, a quadrupole mass 3pectrometer manufactured
by Electronic Associates, Inc. has been set up to permit the use of
arc-image heating to melt and vaporize alumina. Pumping we.3 accomplish-
ed by a sorption pump and a small ion pump, resulting in a background
Fressure of about 1U-"' Torr Iuring the vapocization of the alumina.

Due to the very unfavorable geonetry of the set-up, the mass
spectrum of the direct beam from the molten alumina was not detectable
above the background. However, the peak due Lo mass number 32 was
observed to gradually build up during the heating until it was a major
peak, and to rapidly disappear when the alumina was solidified and
cooled.

We interpret the observation as follows. Prior published work
has indicated that alumina vaporizes primarily to Al and 0, with minor
amounts of A12O and AIO. Our own prior work has shown that the Al and
0 recoribirne on the glass walls of the working chamber to form AleO
The buildup cf the 02 peak is direct evidence of the fact that some of
the 0 forms 0b rather than Alp,02%. Hence the Al2 0b formed must be
slightly non-stoichiometric, or if stolfc'iometric must contain some
Al metal or Al suboxides.

The observation, reported in a previous report in this series,
that differential thermal analysis of AIeO3 condensed from the vapor
shows an irreversible exothermic double peak at 320 and 340"C, is
consistent with this conclusion.



Chapter 7

THE STATUS OF THE TTHMRCE)ICAL DATA ON SOYE Be COMWOUNDS

by Vivian B. Parker

I. Introduction

As part oZ the revisiot, of NBS Circular 500 "Selected Values of

Chemical Thmrmodynamic Properties", we have completed a review of the
available data on all beryllium compouuds. We present here a summary

of values selected from this review for substances pertinent to the Light

Element Thermodynamics Program, We are including also a brief discussion

of the sources from which these values have been calculated. It is hoped

that this report will indizate areas in which Aoitional research ia

required. We will appreciate it If data that have been overlooked or

erroru in the values are brought to our attention before the results are

published.

All auxiliary data and constantJ used in the calcilations are given

in the first two parts of N'BF Technical Note 270 [1]. Caution should be

exercised if these values .ust be combined with data taken from other

compilations or sources, in order to avoid errors caused by a lack of

consistency between the tables.

II. Diccussion of Data

B!1j This is taken as the standard state. The thermal functions were

taken from the evaluation of HIultgren et al. (2). Stnce their review hil'..

temperature enthalpy measurements (in range 600 - 2200'K)have been made

by Kantor tt al, (3). These meas'remehts are in good agreement with

Hultgren,'s estimated values.

k B•!5)" The /Pgubl, 298K - 78.O kcel/mole has been taken from the

evaluation ot Naltgren et al. (2] as have the therma1 functions of the

idee! monatonic gas. Hoae recent vapor pressure measurements by Creenbaum
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et &1. (4] lead to a Third Law value in good agreement with this; Kortut

et al.'s [5] measurements do n.t. An unpublished value oZ ,'ildenbrand,

fail and Ju cited by Hildenbrand and Murad 16] is also in good agreement.

PBeO(I) See BeF2(c,quartz) and BeF2(amorp). Since the sclections of

LfW for BeF2 and SeO were made aimultaneously, the discussion of %eO

will be found irider B&F2.

PmeO(g) .ierzberg (7] •tves the ground state as I7+ and tabulates the

spectroscopic data; Thrush [8] confirms 17+ as the ground state. The

Dow Chemical Company [9] gives the thermal functions, calculated from

t1,c data in the above sourccs, buc Brewer and Trajmor [10] point out

tlt at the higher temperatu:es the state having the major effect upon

the thermodynamic celculations will be the 3¾, for which there is no

information. We have therefore used the thermal functions only as an

approximate guide in calculating taif of BeO(g) from the mass spectrometric

study of Chupka, et al. (1i] on the vapor above BeO(c). They reported

,.E* = 104.4 for BeO(g) - Be(g) + O(g) and SS5 -11.39 for 1.O(g) + O(g)

-- Be(g) + 02 (g). These reactions lead to 6Af" = 32 e.nd 30 kcal/mole,

respectively. See Herzberg (7] and Gaydon [12] for their interpretations

of the dissociation limIt.

Be20(g) Theard and Hildenbrand (13] from mass spectrometric Knudsen

effusion experiments have shown the existence of Be20(S) in the equilibrium

vapor above BeO(c) at temperatures around 2300*K. Using their estimated

functions for Be20(Q) we obtain -" = 332 kcal for 2BeO(c) - Be2 0(g) +

O(g), 141 kcal for-(BeO)2(g) - Be2 0(g) + O(g), and -17 kcal for 2BeC(g;

.Be2 0(g) + 0(g).

(B'eO)n(g) Chupka, et al. [111 from their mass spectroscopic study of

the vapor above BeO(c) have shcn the existence of (eO)n (n 2,3,4,5,6)(g).

tsing the estivate thermal functions for (BeO)n from tha Dow Chemical Co.

'91. we obtain )isubl 182 kcal/lo1l tor (B.0),(g), 175.5 for (BeO)3(g))

1Q2 for (BeO)4(g), 211 for(BeO)3(g) and 223 for (eO0)6(1). %1* (&-C) 2 (g)

w.3s adjusted, howeýver, from 'he calculated -108 kcal, to -102 kcal for the

re,,ions cited by the Dow Chwmicai Co. (91.



BeH( 8 ) Gaydon [12] gives D' = 2.3 ev. Evans [14] has calculated the

thermal functions from the spectrcsco-r-c dat• given by Herzberg [7]. The

Dow Chemical Co. [15] calculatian.3 are in essencial agreement.

Be(OH)2(a, tetragoral and e, orthorhomhic4 Bear and Turnbull [161

measured the heats of solution of Be(c), Be(OH) 2 (ccl) and Be(OH)2(c,0)

in 22.6% aqueous lI at 294'K. By difference we obtain, at 298*K, All

-79.83 for Be(c) + 2H 20(liq) - Be(OH) 2 (c,5) * H2(g) and Ti i -79.10 for

Be(c) + 2H2 0(liq) -- le(OH)2(c,c,) + H2(g), or LHf(c,,i) -216.5 kcal/mol

and LIHf(c,y) = -215.7 kcal/mol. Fricke and W0llhorst [17) measured the

heats of solution of BeO(c), Be(OH)2(c,stable) and Be(OH) 2 (c,metastable)

in 11.59% aqueous HF. By difference we obtain Lt = -2.52 kcal for BeO(c)

+ H20(liq) - Be(OH) 2 (c,atable) and 6H = -1.78 kcal for BeO(c) 4- H2 0(liq)

-Be(OH) 2 (c,metastable) or W'fe(c,stable) = -215.8 and L~Hf(c,metastabie)

= -215.1 kcal. Similarly, Matignon and Marchal [18, 19] measured the

heats of solution of BeO(c) and an unspecified form of Be(OH) 2 (c) in 30/.

aqueous HF at 289*K. By difference, corrected to 298°K we obtain BeO(c)

+ H20(iiq) - Be(OH)2, zI = -3.2 or LIf Be(OH) 2 = -216.4 kcal. Fricke and

Severin [20] measured the equilibrium water vapor pressures over Be(OH) 2 (8).

At 4C3K, MH = 15.5 kcal/mol H2 0(g). This results in Wf = -216.5 kcal in

agreement with Bear and Turnbull. We have accepted the values obtained

from Bear and Turnbull's measurements.

The Dow Chemical Co. [9] gives S*(c,ý) = 12.6 eil, as an estimate

based on a comparison of the chlorides of Be, Mg, and Ca. This value

appears reasonable aný' results in n•f*(c,8) = -195.7 kcal. From Sillen

and Martell [21] we obtain log Ks = -21.5 for (c,S) and -21.1 for(car),

so that •° = +0.55 for B - of or i;f°(cc) = -1951 kcal/mol and S°(c,O)

13.4 cal/deg mol.

Be(OH) 2 (g) Altman [221 reviews and discusses the experimental data

on the reaction, B',O(c) + lHi2(g) - Be(OH) 2 (g). Using the Kp's from the

study of Young 123] in the temperature range 1700-1820'K we obtain, using

the estlimated thermal functions ef iLhe Dow Caamical Co. 191, a Second Law

value for V -- 44.1 kcal and a Thr.d Law vilue .ti° 41.4 kcal, resulting

in ii~f° -158.7 4nd -161.4 kcal/mol, respectively. Similarly from
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Gross'wcirner and Seifert's [.141 data betw•een 1473*K to 1873*K, we obtain

/M-- 43.0 and 42.8 kcal, respectively or ^i*f -159.8 and -160.0 kcal.

Fro-r itutchi8on and MaIr [25] , 4V - 47.3 and 47.9 kcal or /Rf' 7

-155.5 and -154.9 kcai. Altman also cites the measurcments of Elliot

[261 ,'nd Berkmann and Simon [27] whi.ch, when corrected to the Dow

Chemical Co. thermal functions, rest-it in Third Law values of 45.7 and

', kcal for LWI, or /tf = -157.1 and -.159.8 kcal, respectively. More

recent measurements by Blauer, ct al. [28] at four temperatures in the

range 1570 to 1810"K, using the Low pressure molecular flow reaction

method result in a Third Law _1H = 35.2 or 13 = -167.6 k•-al.

Douglas [29] also reviews the data on the thermodynamic properties

of gaseous hydrates of BeO. He points out that under the conditions of

the transpiration measurements the hydrate product of the reaction of

BeO(c) with H20 is all or predominantly Be(OH) 2 (g) below 1850"K but that

the possibilities of small amounts of other hydrates, (B')Znli20(g)

being formed cannot be dismissee.

BeF(g) Greenbaum et al. (41, by the molecular flow effusio., methou

have determined the equilibrium for the reaction , BeF 2 (g) + Be(c, ILq)

S2BeF(g) in the temperature range 1420*K - 16750K. The Second Law and

Third Law values for nH*298 are 97.0 and 89.6 kcal/mol, respectively,

resulting in _^0 46.3 and -53.0 kcal. Hildenbrand and lurad [6) used

a mass spectrometer to study high-temperature equilibria among vapor

species produced by thve fluorination of elemental beryllium with CaF 2

and BF3 in a Knudsen effusion cell. For the reaction Be(g) + BeF 2 (g) -"

2Ber(g) we obtain Third Law :JB 2 9 8 values of 27.7, 28.6 and 29.9 kcal,',ol,

from the Be-BF 3 system, the Be-CaF2 system and the Be-AI-C,ýF 2 systems.

respcLively, or an average ,itf -41.5 Ical. Second Law .^A values

for the first two systems are 26.8 and 30.2 kcal/mol, respectively, or

an average .Hff -41.6 kcal. Also from the 8e-Al-CaF- system for the

reaction Be(g) + AIF(g) - SeF(g) + Ai(-), from two valuei for K at 1.'.23'

and 1443"K we abt41ir a Third Law AlIft -54.3 kcal. Wt hlmie taken .'IL

-41.5 '1cal or D6 5.96 -cv. This is in good ayr,,rrr~t H ildenbranJ

• id Thear.'s 130) estit-i.te of U6 6.0 ev. CAor- t121 . H]r..berg 171

and Tatcva'ýii, et al. (3l) give 4.0, j.4 ano P.0 cv. respectively.
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The thermal functions were taken from the Dow Chemical. Co. [15].

They were calculated using the constants given by Herzberg [7]. The

thermal functiotns calculated by Evans Et: al. [32] using rhe spectroscopic

constants of Tetevskii et al. [311 as interpreted by Woolley [331 are in

j perfect agreement. The ground state is 2>4.

BeF 2 (c,quartz), /eF2(amorphous) and BeO(c) As pointed out earlier,

the evaluation And selection of values for BeF 2 and BeO(c) were made

simultaneously since the direut determinations of A)f for both compounds

) were discordant; the finrl. values had to be decided on the basis of the

interconnecting Z 0 for the reaction of BeO(c) with HF to form BeF 2 .

The discussion of the independent determinations for BeO(c) follow.

The heat of combustion of Be(c) was determined by Moose and Parr [341,

(temperature unspecified), Roth, Blrger, and Siemonsen [35], at 293*K,

SNeuman, Kr3ger and Kunz [36] at 292°K, Mielenz and v. Wartenberg [3(1

at 298*K and Cosgrove and Snyder [38) at 300.4*K. The /AHf*s are -134.4,

1 -147.3. -145.3, -13(.2 and -143.1 kcal, respectively.

Matignon and Marchal [39] have measured the heat,, of solution of Be(c)

and BeO(c) in 30% KF solutions, as have Copiax and Philips [40]. By

difference, we obtain Eor the reaction Be(c) + H2 0(liq) - BeO(c) + H2(g),

ARh = -70.9 and -62.1 kcal/mole, oi Al{f = -139.2 and -130.4 kcal, respectively.

Neumann, KrIger, and Kunz [361 measured the H•comb. of Be3 N2 (crystal

form unspecified) to form BeO + N2 to be -300.6 kca!/mole Be3N2 (c),

Ileumann, Kr~ger and Ihebler (41] directly determined Lxf Be3N2 to be -134.]

Kcal. Combining these two reactions we obtain !lif* BeO(c) to be -144.9 kcal.

Frem the c of SmirnOV and Chukreev [42], in the

temperteure range 9550 to 1313*K we obtain a Second Law a* = -94.56 and

T dLaw = ,-93.73 kcal/mole for Be(c) + 1/2 C02 (g) BeO(c) + 1/2 C(graph)

or Zf' r- -141.6 and -14C.8 kcal, respectively.

Frem the aboveý values for LHf6 BeO(c) we would tentatively say the

"best" value i.s tngt of Cosgrove .:nd Svyder [381 although they lid not

determine the completeness of the reaction.

We turn ;.ow to the measurements on BeF7. Taylor et al, (431 measured t.e

1I
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a
heat of the ct, quartz form from 80 to 300*K and have also determined

HO-H 2 730K between 3000 and 12000K. They have also determined the `Lýsaln

of both the 0, quartz form and the glassy form in acetic acid-sodium acetate

solutions to be -3.64 and -4.76 kcal/mole, respectively. This leads to

a M1trans (quartz - glass) = 1.12 kcal.

Good [44] reports 6Hf* (amorphous) = -242.9 kcal. Assuuirg the

amorphous and glassy states are the same, ••f (re, quartz) - -244.0 kcal.

P. Gross [45] reports 6H* = -84.0 kcal for Be(c) + PbF2 (c) -. Pb(c) +

BeF2(gl) which results in Mf(amorph) = -242.7 and MtfV(quartz) = -243.8 I
kcal. Churney and Armstrong [45•], in describing their owne.ork, also

review the earlier results on BeF2. They cite the unpublished measurements

of J. Simmons which lead to Mf BeF 2 (c) = -257.0. Their own measurements

on the combustion of Be(c) with F2 lead to two values for tf1(amorphous),

one with a MHf = -246.3 kcal with an 't.,. ted systematic error from +0.2

to -1.8 kcal/mole, and the other wA•h t Mf = -"4.2 with an est mated

systematic error of +0.3 to -.1 5 kcal/nie. M| .e values result in &if(c)

= -24744 and -Z45.3 kcal/'ucle.

Kolesov, et al. [4'] measired the heats of solution at 294tK of

BeO(c) and a crystal form of BiF? wh'.ch they called 0, cristcbalite.

Their reactions cvrr-cted to 298*K yield: 4Hf* BO(O) - Mf BeF 2 (c) =

+99.26 kcal. If we use o•r tentative selection of 4f* .eO(c) = -142.1

we obtain M•Hf BeF 2 (•) = -241.4 kcal, which in view of Churney and Armstrong's,

Good's, and Gross' values, appexrs too positive (we are making th. assump-

tion that the 8, cristobaiite BeF 2 Kolesov specifies would be equivalent

to the quartz form). If we reverse the selection ane take AIf BeF 2 (c)

= -245.3 we obtain AHVf BeO(c) = -146.0. Referring now to our earlier

discussion on the values for BeO(c) we now have:

Roth, at al. [35] -147.'

Neumann, et al. [36] -145.3

Cosgrorve and Snyder [38] -143.1

Neuann, et al. [36, 41] -144.9

Kolesov, et al. [47) -146.0



Ii

We have selicted nHf' BeC(c) = -145.0 and tRf0 BeF 2 (c) = -245.3 kcal.

Thr thermal functions for BeO'c) wete obtaired from the Dow Chemical

Compnny 1'8].

BF _g) The estimna,.ed thermal functions used In the calculations were

obtained fron the Dow Cfemical Company [48].

The following table shows the vapor pressure rasurements reported

for BeF 2 (c, liq), the temperature range of measurements ard the Second

and Third Law values for 9H1 subl.

Investizator Temp RaeK econd y 6 h

Cantor [49] 1146%1372" 56.02 55.70

Khandamirova [501 846o-950° 58.7 56.07

Sense and Stone [511 1075'-12930 55.37 55.65

Sense, Snyder and Clegg[f2] i019*-1076' 60.8 55.58

1075*-1241* 55.9

Hildenbrand and Theard[301821 0 -9420 55.98 55.40

Blauer, et al. [531 713°-795° 58.1 53.70

Greenbaum, et al. [54] 8236-10530 56.66 54.85

Efimenko [55] 7550 56.8

Novoselova, et al. [56] I040*-1376' 52.3 55.P

krom these values we obtain 6H* = 55.7 kcal or AHf* (g) = -189.6 kcal/mol.

Greenbaum, et al. (57] by the differential torsion method obtained

the K's for the equilibrium BeO(c) + 2HF(g) - BeF 2(g) + 'R20(g) tn the

f temperature range 9430 to 1243*K. The Scani an( Third Law &tO ace 22.2

and 26.5 kcal, respectively or MZi' -1)4.b and -'40.3 k~al/hol.

Hildcnbrand and Theard [300] det~rminee thý. K's ,f L-F2 (g) + 2Al(c) -

Be(c) + 2AIF(g) in the range 897 to 9&6*K by t.e t-rsior. method. The. Third

)aw 8H* = 59.3 or 6Hf - -182.7 kcal. T'w S•conx- Law -,alae = 6k.6 or

LIU = -186.0 kcal.

TleF2aq) and H2 BeF 4 (in conc. aqueous HF) Peterson [581 reported 6H =

-32.6 kcal fur BeCl 2 (aq) + 2A3F ' AU!Cl(c) + BeF'(aq) , ,r ,Rt' = -249.8 kcal.

Also from his reactions 2HP 30 0 M20 + leC126 0 0 H20 soln.; 4H - -4.87 kcal,

and 2HC1 30 0 + BeF 2 (cq) soln.; .,H = +1.22, we obtain L•*f BeF, 1(aq)

-250.3 kcal.
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3eF 2 (aq, in HF solutions) See H2 BeF 4 (aq, in concentrated aq HF).

Be2 OF2 (g) Efimenko 159] reported a = 42.6 kcal for MO(c) + BeF 2 (g)

SBe 2OF2 (g) or AMf' = -291 kcal/mol.

Mann [601 estimated the molecular constants of B2CF2(s); Evans (61]

calculated the ideal gas thermal functions.

H2 BeF 4 (aq, in concentrated aqueous WF) BeF 2 in HF solutions is a

mixture with complex ion formation. Very little is known about the

equilibrium processes and their respective heats of formation and the

effect of varying the concentration of H20 and HF upon the complex ions.

This makes it virtually impossible to correct to a common basis; this is

accentuated by, in many cases, the lack of details concerning the total

number of moles of HF and H20 reacting with Be(c), BOW(c), Be(OH)2, and

BeF2(c) to form the aqueous mixture. There were two possibilities in

treating the data: 1. to call the species aqueous BcF 2 and to correct,

where possible or necessary, for the dilution of HF; and 2. to call the

species something which relates the concentration of HF to BeF2 more directly,

and to correct on that basis. We have called this species H2 BeF4 . This

by no means solves the dileam. The values arrived at for H2 BeF4 at

specific H2 BeF 4 /HF/H20 ratios do however show more clearly the problems

involved, A comparison of the values arrived at ior the two treatments follows.

(X refers to an unknown number of moles of flf.n 20 preseln. It is not

to be considered constant.) See Table 1.

BeCl() Potter 166] reported atf = 14.l+2.2 kcal/mol from the reaction

Be(g) + AlCl(g) - BeCI(g) + Al(g) and 13.O±2.9 kcal from Be(g) + BeC1 2 (g)

2BeCl(g). The auxiliary OHf* values used are not given.

Eildenbrand, et al. [671, from the mass spectral intensities in the

HCI-3eO system, report K21400K - .062 for BeC1 2 (g) + N (g) -" 2MCM(g).

This results in 8H298* - 3.1.1 kcal or LM = +12 kcal/mol.

Greenbaum, Arin, Wong and Farber [681 determined the K's for BeC1 2 ($)

+ Be(liq) - 2BeCl(&) in the range 1573" - 1723*K. Second and Third Law

Tretmentt result 'n AH" = 96.3 and 88.7 kcal, respectively or b f 5 and

2 kcal/mol.
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Gaydon [11 gives DS = 69 kcal/mol. Novkov and Tunitskii 169]

obtained Da = 36,555 cm" 1 Aor the ground state but did not accept it.
Froman evaluation of the data they obtained D8 = 5.9 e.v. for X2 j
state. The Dow Chemical Company [701 reevaluated Novikov and
Tunitskii's data and showed that the linear extrapolation for DS
36,555 cm = 104,.5 kcal is good. This res,ilts in Hf * - 1.7 kcal. I.

The thermal functions were calculated by [70] from Novikov and
Tunitskii'x data. Their values are in agreement with those calculated

by Evans, Hilsenrath, and Woolley [32] who used slightly different

cox.,tants.

Be•_ (cC) and (c,O) The Dow Chemical Company [71] has tabulated
the thermal functions of the of and 8 forms from the original measure-
ments of McDonald and Oatting [72] on the 01' and 8 form. The cv form

was assumed zo be identical to Cr'.

Johnson and Gilliland [73] determined 6H = -118.0 kcal for the
direct reaction Be(c) + C12(g) -* BeC12(c). However the crystal form
of BeC12 was not identified.

Thompson et al. [74] measured the heats of solution of Be(c) and

BeC12(c) and BeC1 2 (50% a and 507. 8) according to [71] in aqueous HC1.

By difference we obtain 6H* = -43.70 for Be(c) + 8.381 (IE1 + 8.114 H20)

- BeCl 2 (Cr, B) + H2 (g) + 6.381 (HCl + 10.654 H20) or M'f (a, 8) =
-117.88 kcal. Since 6o = l.j ior 0 - a, we obtain 6Hf* (a) - -117.2

and •if (8) = -118.5 kcal. Gross, et al. [75] repo:.ted the direct

determination of AHf* a' = -117.1 kcal/mol.

From the cell data of Markov and Delmarekii (76] we obtain af
c' = -117.9 kcal/mol.

The data of Mielenz and v. Wartenberg [37] and Liemonsen [77]

are not in agreement.

Be!C2(g) The Dow Chemical Company [71] estimated the thermal functions
used here in calculating the Second and Third Law M*f from the vapor
pressure measurements on the liquid and crystal. In cases where it was
not clear whether the crystal form used was Of or B, '•4subl. was calculated
for both 8 - gas and a -" gas and then used to obtain alf*. These are

shown in the following tsble.
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Investigator Temp. range *K IfN BeC1 2 (g)
kcal/mol

2nd Law 3rd Law

Fisiier, et al. (78] 638* - 673" if 8 -82.6 -87.4

if 0 -81.0 -87.3

677* - 7.. -84.0 -87.7

Ko, et al. [79] 6404 - 8540 from cliq -84.2

Greenbaum, et al. [80] 471* - 511' if a -84.6 -85.4

if a -83.1 -85.4

441* - 600* if 5 -84.9 -86.2

if a -83.4 -85.8

Hildenbrand, et al. 461* - 5046 0 -85.4 -87.5
[67]

Rahlfs and Fischer 181] 513" - 677* if 8 -87.2 -87.5

if a -85.6 -87.3

679* - 731* -86.2 -87.6

Sheiko and 5730 - 673* if 0 -86.5 -87.0
Feshchenko [821 if C -84.9 -86.8

J 693 - 753 -86.4 -87.1

We have taken 11f* = -85.7.

SLaqj dilute) Thomsen [83] reported 16H* 2 92 0 = -6.66 kcal for

BeSO4(400 H20) + BaC12 (400 H20) - BaSO4 (ppt) + BeC12(800 H20) and

ZN°29,0 = -9.15 kcal for BaC1 2 (400 H20) + H2 S0 4 (400 H20) " BaSO4 (ppt)

+ 2HCI(400 "-20). By difference, we obtain AH*298 = 2.9 kcal for BeSO4(400

H2 0) + 21E1(400 H20) - BeC12(800 H20) + H2 S0 4 (400 H120). Using !Sf*

BeSO4 (400 H120) = -307.34, we obtain SIfO BeCl 2 (400 1H20) = -171.3 kcal.

Matignon and Marchal (18, 19] reported MtO2 93 = -6.97 kcal for BeSO4

(110 H2 0) + BaC1 2 (1l0 H20) - BeC1 2 (220 H2 0) + BaSO4 (ppt). Using Thomsen's

Al' for the reaction of BaCI 2V. :I H20) + H2 SO4(400 H20) and correcting

for the dilution differei.ce and to 298"K we obtain &W-298  2.70 kcal for

BeSO4 (110 H20) + 21C1(400 H20) -4 BeC1 2 (220 H20) + H2SO4(400 H20). Since

Mi* BeSO4 (110 H,0) = -306.79 kcal, we obtain A11! BeC1 2 (220 H20) -

-170.9 kcal. Matignon and Marchal [19] also reported &R0280*K - -12.3

kcal for BeCl 2 (aq) + 2NaOH(aqj -- (OH) 2 (ppt) + 2NaCl(aq), and .M -13.65
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for Be(OH)Z(ppt) + 2HC1(200 H20) - BeCl 2 (aq) + 2H 20(liq), Using _Hf*

Be(OH) 2 (fresh ppt) = -214.6 kcal we obtain Mlf* = -172.3 and -171.1

kcal, respectively. They also measured A"Hsolnj 289*K 3-51.1 kcal

for the crystal. This results in t1f* BeC1 2 (aq) -168.8 if of' BeC1 2 (c)

or -170.0 if 0. Pollok [84] also reported •M soln. This results in

UfO(aq) = -161.7 if a was used or -163.0 if 0.

Be17(aq, in 68 H20 + 6.38 HM1) Thompson, Sinte, and Stull [74]

reported AH*soln 1C12 (0.5 0" and 0.5 0) in [6.381 H1 + 67.98 H20] j
-45.91 kcal.

BeC1 2 4H 20(c) Biltz and Messerknecht [85] measured the heats of

solution of B*C1 2 (c) and BeC1 2 "4H2 0(c) in C1. They reported i=

-44.1 and -2.9 kcal, rrpectively. Assuming the DeC12 used was a

mixture of the two forms, we obtain Mf* = -432.3 kcal. They also

reported a1 = -83.0 kcal for BeC1 2 (c) + 4H20(g) - BeC1 2 4H 20(c), or

M*f0 = -432.0 keal.

Be2C14 (g) Hildenbrand, et al. [67] from a mass spectroscopic

investigation of the vapor pressure of BeC1 2 (c, 0) reported 4H500oK

33.0 kcal for BeCl 2 (c) -' BeCl2(S) and M•I500oK 35.8 kcal for 2BeCl2(c)

- Be2Cl 4 (g), Or 61H500.K = -30.2 for 2BeCl2(g) Be2C14 (g). This resuits.

in Lff = -202 kcal.

Ko et al. (79] reported &%71K = 32.2 kvial for BeCl 2 ( 01, c)

heCl 2 (g) and b%63* = 35.1 kcal for 2BeG12(01,c) -. Be2Cl4(g). Then

SaH°298 = -30 kcal for 2BeC1 2 (g) - Be2C14(g) or Mi~f = -201 kcal/mol.

The Dow Chemical Camper 711 estimated the thermal functions.

BeBr(c) Biltz and Yesserknecht (E5] reported 6Hsot. BeBr 2 (c) in

HC1.-.8 H20 = -55.7 kcal and similarly 48 = -44.1 kcai for BeC1 2 (c) in

HCl. Assuming B.eC' to be a mixture of cv and 0 forms we obtain &WI BeC1 2

in H1Id8,8 R20 - -1.62.0 kcal/mole. Assuming that the effect of Br' for C1"

is about the same as for infinite dilution we obtain SWf ker2 in HCI.1.8 1:20

S-140,2 kcal/mol and 4Ji" Belr2(C) - -84.5 kcal/mol.

Re12(c) lilts and Mosserknecht [85] reported 6L4oln *12(c) in

HC1.8.8 1120 w -62.5 kcal, Using the samv procedure as for VeBr2(c) we
obtain M9! 5.12 in "CEl8.8 M20 . -108.5 keal and 01P 3612(c) -46.0

kca I /too.
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Be3 N2 (c,a) and c,$) From Neumann, Kruger, and Kunz (36] we obtainII
,T = -300.6 for Be3 N2 + 3/2 C2 - 3BeO(c) + N2(g) oc af* = -134.4 kcal/mol.

Neumann, Kr8ger and Haebler [86] reported from direct reaction of Be

with N2, tH = -135.7 kcal/mol. Hoenig [871 measured the decompositicn

pressure of Be 3N2 (c) - 3Be(g) + N2 (g) from 1640*K to 1950*K, by the

Knudsen and Langmuir methods. The best Third Law value for &WH =

370.5 kcal was obtained using the thermal functions relative to 298*K

calculated by the Dow Chemical Company [15] from the Cp measurements
of Douglas and Payne [88] and an estimated 8 2 9 8 = 12 e.u. This results

in 6Hf" = -136.5 kcal. However Douglas and Payne estimate F* = 8.1 e.u.

which would make aH* = 377.5 kcal and ajf" = -143.5 kcal/mol. Yates,III Greenbaum, and Farber [891 measured the decomposition pressure in the

range 1450-1650°K. The Third Law M" = -140.3 kcal/mol, using 8S 2 9 8 .1

8.1 e.u.

Gross, et al. [75] calorimet:ically measured the t4"'s of the follow-

ing reactions at 298*KO

1. Be3N2 (co,cubic) + 3C1 2 (g) -. 3BeC1 2 (') + Nl(8).; 6H* = -210.3 kcal.

2. 3Be(c) + 2NH3 (g) -. 3H2(g) + Be3N2(cic); 6R* = -118.4 kcal.

3. B, 3 N2 (0,hexagonal) + 3C1 2 (v) 3BeCl 2 (a') + N2 (g); 4H* = -214.6.kcal.

4. Be(c) + C! 2 - BeCl 2 (&'); 4H= -117.1 kcal.

From the above reactions we arrive a- tHf(&, cubic) = -140.6 klca/mol

and 6&1f ($,hexegonal) = -136.5 kcal/mol.

Be2C(c) Pollock [90] measured the decmposition pressure of Be2 C

in the range 1430* to 16"9*K by the Knudsen technique. UsinS the est"imated

thermal fu-ictiona of the Dow Chemical Company [91] we obtain Second and

Third Law -v" elues of 91.4 and 88.8 kcsl, respectivel) fot 1/2 Be2 C -

Be(g) + I/t C(c) or 1V - -21.6 and -26.8 1-cal/wol. urateov and Novoselova

[92] measured the equitib--.um CO(W) from 1808"8 to 2003'K fo0 the proc,.ss

BeO(c) + 2/2 C(grdph.) - ./2 Ds2C(c) + CO(8). Second and Third Law ZMI'

are 98.0 a 97.3 kcA or W,' w -41.1 and -42.6 kcal/mol. tartler
measurements by hiratov *nO Novoselova [93' in the range 1673"K ts

1953*K :-Id 4W - -53.5 1uai/mol. Yotxfoldt [94] used tOw static

method to measure the CO pressure from i7860* to 2320"K. Se.ond and
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Third Law 1ff's are -24.8 and -31.2 kcal/mol.

Earlier data have been reviewed by [91].

BeS• ) Fuiukava and Reilly [95] -.eevaluated the low temperature

Cp data of Kelley (96]. The Dow Chemical Company [71] estimated the

high temperature thermal functions.

Holm and Kleppa (97, 98) measured the LaIOln of e 2 8i04 (c), Bef(c),
and Si02 (c,quartz) in a malt of 9PbO.3CdO.48203 at 968K. The values

are M = 7.95, 3.45, and -3.64 kcal, respectively which result in 2eO(c) V

+ Si02 (quartz) - Be 2 SiO4(c), )968 = -4.69 kwl. Corrected to 293eK,

M" = -4.6 kcal, or LHf" - -512.3 kcal/mol.

Be(B02)2 (g)
Blackburn and Buchler [99] investigated the vaporization process

in the BeO-B20 3 system by the Knudsen effusion mthod esing the vacuum [I
balance and a mass spectrometer, and by diff•rential thermal analyiis.

They obtain iHl500MK = 22 kcal for Bee(c) + 1203(4) - Be(2)2(g). Using

the eitimated thermal functions for i3e(B0 2 ) 2 (g) from the Dow Chemical

Coipany [71] we obtain LH298 = 22.8 kcal or MV - -324. keal/mol.

B) Blackburn and Buchler [99] reported AlH 15 0 0 .o = -23 kcal

fcr 3BeO(c) + B203(liq) - &l,3 32 06 (c). We have assued tbat 6R 2 9 8 for

3eO(c) + B203(c) B 3B 2 0A(V ) = -19.4 kcal or MfV = -759 kcal/mol. L
Gross (100) reported MoHsoln of 3BeO.B20 3 (c.25*C) in aqueous WF at 75'C

= -110.07±-0.4 kctl and that of the corresponding mixture a -123.38-0,4 L.

kcal. This results in ýH2 98 = -13.11 kcal/mol for 3BeO(c) + 3201(gl)

S3Bc'0B 2 03 (c) or 6Hf -748.2 kcal/mole.

BeCkl(g) Eflmenko and Horton [101 recalculated the results of their

mass spectroscopy study of the vapor species in equilibr!um with Ai 2 03.BeO.

:oam their given pressures for the range 2150'K to 25700K we obtain a

Third Law N 298 = -221.1 kcal for Al(g) + Be($) + O(g) - AlObe(g) or

AHf = -5.6 kcal/lol. The Second Law blf" - -2.8 kcal. The thermal

functions useu' were calculated by Evans [14] from the eatiusted molecular

constantM of Mann [1021

Beo- 0(chryjob*ryl) Furukawa and Saba [103) measured th- h~t

capacitv from W6 to 380"K and calculated the tw-raodynamic properties.

Ditmars and Oouglas 11041 measured the high torcerature relative enth4lpies
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and tabulated the' thermodynamic functions up to 2150*K.

Holm and Kleppa (97] mmasured the Wosoln at 968"K of BeO(c),

£ A1 2 03 (c), BeO.A1201(c) and BeO.3A120 3 (c), in the melt of 9Pb0.3CdO.4820 3 .

From their results we obtain a4689K = -4.0-0.3 kcal for BeO(c) +

A12 03 (c) - seO"Al 2 03 (c).

Young (22] reported for the following reactions:

1. BeO(C) + H20(8) -' B(O12(S) log Kp a 1.93 - 9,280/Tr (1703"<r<l822"K].

2. 3/2 BeO.A1 2 0 3 (c) + H20($) - 1/2 BOe.3A1 2 03 (c) + Be(CI)2(g)

log Kp a 2.45 - 10,SOO/T (1606"<1828"K].

and 3. BeO.3A1 2 03(c) + 120(5) - 3A12 0 3 (c) + Be(OH)2(g).

log Kp = 1.55 - 9,450/T [l626"<T<1791"K]

I then for BeO(c) + A1 2 03 (c) -. BeO.A.20 3 (c)

l•70OK -4.9 kcal, 4G" - -3.2±1.4 kcal and

If we correct Hlolm and Kleppa's 6H.9 6 8Y. to 1700"K we obtain AU170K

-4.4±0.3. Since this value for 6H and Young's value for X are more

accurate than the a from the Clausius-Clayeyron equations, we my use

AS21700*K = -4.4±0.3 and &, = -3.2±1.4 to obtain &S = -0.7 in agreement

Swith the tS = 0.11 obtained from the calorimetric S" values of Furukava

and Saba atd the relative enthalpy measurements of Ditmars and Douglas.

'We have therefore accepted the tabulated thermodynamic functions for

3eO4A120 3 (c) with S*298 - 15.84 aud 6S1700*K - 0.11 for the above reaction

I and have used a weighted average from Bolm and Kleppa's AM and Young's 6C

to obtain '1" 298 = -4.12 or AS = -549.2 kcal/mol.

BeO-3A!203(c) F,-ukxaa and Saba [105] moasured the heat capacity

irom 15 to 390"K and tabulated the thermodynamLc properties. Ditmrs

and DougLas [104] measured the high temperature relative enthalpies

and tabulated th&e thermodynamic functi•ns up to 2150"Y.

As in the case of B*OAl203(c), we obtain from HolA and Kleppa's

! E97) bR's BeO(c) + U1203(c) - 5.OA1203 ( c). 4%6go - 2.940.5 kAl

*hicth corrected to 1700*K becomes 6M a 3.66.±0.L. From Young' seasurf-

s4Dn5 we obtain 'L1700 • "Z'i2.2 kcal, 4Hl a -0.8 kcMd and AS - +1.7 e.u.

SLnc* You-g's X* and ISol *-i4 Kieppa's 4A arp the tvo more Accurate values

we awy uae theo to calcilate a a,•r accurate 66*700*"t 4.3±1.5 e.,u.
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The 6SIO0K derived using tre calorimetric S" of Furukawa and Saba

and the relative enthalpy measurements of Dituars and DoW.Las is +2.97 e.u.

As Holm and Kleppa point out there is a possibility of a z ero point

entropy due to random mixing of the De+ 2 and Al 4 3 bhit the evidence is

not conclusive. We have therefore accepted the therml functions but have

increased 'the uncertainty of So to cover ths posibility. Using /4 "1 7 00

= 3.0 and Young's 16G700 = -3.7t2.2 kcal we obtain a a = +1.3±2.2 kcal.

Using a weighted average of this value and that of Nola mad Kleppa, L
we obtain aM1r700*.K 3.2 kcal, &R*298 2.3 McAl and W* = -1344.2

kcal/ml.

I1
a

IL
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TABT•E .I

Selected Values for Some Be Compounds at 298*K

So
Compound State kcal/mol kcal/mol cal/deg mol

Be c 0 0 2.28

Be 5 78.0 69.0 32.544

BeO c -145.0 -138.0 3.38

BeO 9 31.

De2o g -18.

(Be0)2 g -102.

(Beo)3 9 -260.

(BeO)4 g -388.

(BeO)5 9 -514.

(BeO)6 g -647.

BeH g 76.6 69.3 42.21
Ae(OH) 2  clot -215.7 -195.1 13.4

Be (OH)2 CIO -216.5 -195.7. 12.6

Be(OH) 2  9 -160.

BeF 8 -41.5 -48.3 49.15"_

BeF 2  cquartz -245.3 -234,0 12.75

BeF2 glass -244.2

BeF 2  g -189.6

BeF2 aq -250.0

Be20F2 8 -291.

H2 BeF4 aq(in couc. HF)-404.0

BeC1 9 2. -5. 52.0
BeCl 2  cOf -117.2 -106.5 19.76

BeC12 c,) -118.5 -107.3 18.12

BeCl 2  9 -85.7

BeCl 2  aq, dilute -171.1

Be2C14 g -202.

BOC1 2 "4H2 0 c -432.2

BeBr2 C -84.5

B112 c -46.0
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bI so
Compound State kcal/nol kcal/riol cal/dog mol

[ Be3N2  c,cubic -140.6

Be3N2  c~hexag. -136.5

Be2 C -26.
Be2SiOj, c -512.3 -485.0 15.37

B e(B02)2 9 -324.

Be3B2O6  c -748.2

B eOA1 g 5

BeO*A1203  c~chirysobryl -549.2 -520.0 15.84

B0eO3A1203  c 1342-1270.9 42.0
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Chapter 8

FLUORINE FLAME CALORDITRY. II. THE HEATS OF REACTION OF
OXYGEN DIFLUORIDE, FLUORINE, AND OXYGEN, WITH HYDROGEN.
THE HULT OF FORMLTION OF OXYGEN DIFLUORIDE.a

R, C. King and Go T. Armstrong

Abstract

The heat of formation of oxygen difluorideo, 4I 2 8 * 0F()
was determined to be +5.86 ±.30 kcal mol"1 The value was obtained
by combining the heats of reaction of oxgen difluoride, fluorine,
and oxygen with hydrogen. The heats of reactions were measured by
means of fluorine flame calorimetry. Other heat-of-formation data
derived from the study are AH? 8  (5 [HF.50 3201 - -76.J8 ±.05
kcal mo- 1 , and 411 2 98 . EH281 -8 .o32 ±.03 kcal moV

1. Introduction

The gaseous inorganic fluorine compounds of oxygen and the halgens
such as OF2, CLF 3 , 032, 02 F2 , and BrF3 are very reactive, combining
with most other compounds and elements. Because of the lack of large
enough quantities of pure materials, their extreme reactivity, the
lack of suitable methods for reliable analyses, and the non-existence
of corrosion-resistant materials for apparatus construction, few
properties of these compounds have been measured accuratey. The
thermochemical data are especially lacking. Yet, while the lack of
accurate thermochemical data persists, important uses are being dis-
covered for these substances. Like fluorine, they are powerful oxi-
dizing agents and are conmonly used for fluorination. Soam of the
compounds are considered to be ingredients for the high-energy propel-
lant and explosive systems; the others are potential reagents for
chemical reactions at extremely low temperatures. Most of the com-
pounds are easily liquefiable. Some, like OF2 , though very reactive,
require a larger activation energy than would fluorine for the same
reaction. This property mates it more useful than fluorine in areas
where materials compatibility may be a problem. Brominm trifluoride
in also used as an electrolytic solvent. In most cases, acct'rate
thermochemical data are required for calculations based on uses of
these substances.

a For Paper I in this series see G. T. Arntrong and R. S. Jessup,

Journal of ResoArch, NPS, 1 9 (1960)o
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I
For the purpose of providing reliable heat-of-formation data for

this group of coupounds, a new flame calorimetric apparatus has been
set up in this laboratory. It is planned that this apparatus will be
used for studying heats of reactions involving some of the above com-

jpounds, in addition to reactions of flucrine with other gases. 'Te
first compound of a series to be studied is oxygen difluoride (OF2 ).

Several earlier attempts have been .made to determ-in the heat of
formation of oxygen difluoride. Von Wartenberg and Ktinkott (1]1 re-
acted ogen difluoride separately with (1) KOH (in excess KOH aq. 40%),
(2) 6KI + 2HF (in excess. aq. solution), and (3) HBr (in excess HBr
aq. 45%). From these reactions they derived the heat of formation of
oxygen difluoride and reported an average value. Near the same tivm,
Ruff and Menzel (2] meaeared the heats of three different reactions:1 (1) F20(g) +2H2(g) + 2NaOH 6ws sq. 20%); (2) ½(ý(g) + 2112(g); and
(3) F2 (g) + H2 (g) + 2NaOH (xs sq. 20%). By studying the latter two
reactions, Ruff and Memzel had hoped to obtain in the same apparatus
the auxiliary data needed for deriving the heat of formation of oxygen
difluoride from their first reaction. More recently, Bisbee, et al. [3]
reacted oxygen difluaride with hydrogen in a combustion bomb to which
was initially added water for solution of the product hydrogen fluoride.
Li various reviews [4,5,6] the data from these three studies have been
reaclculated, using the most recent auxiliary data available for the
reactions studied. However, ;nese recalculatiorudo not reconcile the
differences between the heat-of-formation values derived. Presently,Irthe reported v;lues of All 2 9 8 . 1 5 LOF2) are +7.6 [1,4], +4.7 (2,5] -4.4
[3,6], and -5.2 kcal mol-2 [7].

ITh& earlier t)earmochemical studies involving this compound confirm
the belief held since the time of its discovery [81, that its heat of
formation is =all, possibly positive. Therefore, it would be desirable
to determine its heat of formation from a reaction that irvolves a smull
heat of reaction. Unfortunately, rea':tione involving oxyOen difluoride
which evolve mall heat effects lead to .maltiple products which are not
readily recovered and separated for quantitative analysis. This problem
existq for reactions with gaseous reactants and products as well as for

those in the aqueous phase. Under ordinary conditions, oxygen and
fluorine do not comizne directly to form oxygen difluoride. In most re-
actions, leading to produc4 hydrogen fluoride, the corrosivenets of the
hydrogen fluoride can also introcue a sizeatble uncertainty in thr. derited
thermochemical data. In designing the experiments in the present study,
these and other complications were corisiderld carefully.

rigures in brackets indicate literature references at the end of

this paper.
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The rea-tions undertaken for the present study are those of
oxygen L_.luwride, fluorine, and oxygen with hydrogen, by means of
flame calorimetry. Flame calorimetry is particularly suitable fori
studying reactions involving only gaseoub reactants. Similar to the
reasoning of Ruff and Menzel, it was felt that the measurements on
the fluorine-hydrogen and oxygen-hydrogen reactions would provide the
auxiliary data needed for calculating the heat of formation of the
oxygen difluoride. Although this investigation is not intended to be
a definitive osudy of the F2-H2 and 02-H 2 reactions, the heats of these
auxiliary reactions can be compared with data already available in the
literature.

Man procedures were used in common for the three reactions. How-
ever, because of the various methods of analsis used, and because of
the need for a description of the different problem encountered, a
section is devoted to describing the experiments and resvlts for each
system.

2.0 Apparatus,, General E~erimental Procedures and Calibration[

2.1. The Reaction Vessel

2.1.1. Earlier Burner Design

Because of the corrosiveness of the product hydrogen fluoride, both
in the gaseous and aqueous phases, it was found that special attention
had to be given to the design of the reaction vessel for this study. In
the first of many preliminary experiments, oogen difluoride was reacted
in a thdrogen atmosphere in a Monel burner. This burner was similar in
design to the one previously used at the National Bureau of Standards [9].
The earlier burner design is sahon in Figure 1.

The burner tested for these experiments differed from the earlier
design (1) in being constructed of Nonel instead of copper, and (2) in
having a sidler entry pasi eway for the atmosphere gai. Ln a burner
of this design the fuel (F20) enters opening k rix the atrasphere (H2 )
is introduced through ar•dar opening B. The reaction product(s) along
with the wmees hydrogen exit thb reaction chaber at D. In the early
experiments of the -urrent study it was found that after burning the
desired avwoumt of 2 in H2 most of the product H2 0 remained in the
burner chavbcr, saturated with HW, while the rminder of the H1 vas
either in the vapor riase above the solution, or had been carried from
the burner in the effmuent atmosphere.

Such a state of the reaction products introducon =4 complications
to efforts to df *:tiine the amunte of the reaction products. Because
of thes, ;roblem a no burner was desiged In which the product.. kdrogon
fluoride a& water, can be collected inside of the reaction vesl in the
caloriater.
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2.1.2. New Burner Design

in a general way the new burner design ma be described as a two-
chambered reactica vessel (Figure 2). In the upper chamber (A) the
oxygen difluoride and hydrogen (excess) are mixed and ignited, producing
a flame. In the lower chamber B the products are dissolved in a known
volume of water, producing a solutimn of determinabla concentratioM. The
excess ?Ivdrogen removes the product IIF and He0 from the upper chamber
into the lower chamber. A gas dispersion system forces the gas mixtwe
as fine bubbles through the aqueous solution and causes complete removal
of the HF from the flowing bydrogen. Using the 0F2-H2 system as an
example, the reaction in equation (1) takes place in the upper chamber
and equation (2) shows the reaction occurring in the solution chamber.
The overall reaction for which the heat effect is measured is given by
equation (3). Quantities shown are actual amounts used in the elqerimnts.

(1) 0.6 + 0.12 Lt()- ' jO.l2 I{F O-tX~ H20]i(84)

(2) [0.12 HF(g) 0.06 H-01(g4) + 5.55 H20(0 --W[0.12 HF 5.61 0](

(3) 0.06 oF 2 (g) + 0.12 ÷ 2 (g) 4 5.55 H2 0(10 -9'[0.l2 HF 5.61 H20)(1)

Dissolving the HF in water in the calorimeter causes the heat of forma-
tion of oxygen difloride obtained to depend on the heat of formation of
the aqueous solution of HF, rather than on ga'eous HF.

With the exception of the primary solution chamber, B, the burner
is composed almost entirely of Monel and soldered with silver at all of
the permanent joints. In a manner similar to that in the earlier burner,
the gases are brought to the burner from the exterior of the calorimeter
by •mel tubes passing through heat exchanger, C, through which also
pass the exit gases. The outlet, E, on the primary solution vessel
connects to a smaller solut• on vessel which can be seen in the foreground
in a photograph of the burner in Figure 3. The effluent gases leaving
the secondary sclution chamber at F pass through a helix of thin-waa.U

•1 tubing, D, before passing through the heat e=hanger.

Details of the combtxstion chamber. A, are shown in Figure 4. The
body which is cu-ehaped is made of MOIel, 1.25 in. O.D., and 2 in.
high, with 0.0625 in. wall. The diensions of the c3mbustion chamber
were chosen so that shortly after the reaction (i.e., after the flAm
isxtinr4raished) all of the remaining products (H0 and HF) can be
flushed from the combustion ctamber into the solution vessel. The in-
let tubes for the reacting gaves, the igniter, and the flame tip are
all attached tc the l1d of the combustion chamber. On the outer side
of the lid, the tubing is 0.125 in. 04., .CMlO in.vall Flonel. N the
Inside, the tubing leadt.g to the flane tip, D, Is 0.4625 in. O.D.,
(.MlO in. vall. The fuel is introdawcee throqgh inlet C, a.nd what may
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L
be called the primary atmosphere enters through inlet B. Additional
atmosphere is introduced through inlet L. The orifice at D through
which the fuel enters is 0.050 in. The secondary atmosphere entering L
through inlet L serves two-fold: (1) it provides additional atmosphere
for the reaction; and (2) it helps to flush the products down into
the solution chamber. The joint between the cover and the combustionV
chamber is made by a 0.030 in. thick Teflon gasket placed in the groove

on the flange of the cup. i
At M is the opening for the high voltage electrode used for

initiating the reaction. The electrode is a Monel-Tef on unit as shown
in the insert in Figure 4. A calcium fluoride disc (0.095 in. thick), 0,
placed over the electrode serves as a heat sink, The Monel sheath, i
Q, surrounding the Teflon ineulation, P, also helps to cool the Teflon.
A three-in, piece of 0.010 in diam. nickel wire, E, is attached to the
electrode at N, and positioned over the flame tip, D.

The tube, F, leading into the solution chamber is platinum with
0.125 in. O.D. and 0.013 in. wall thickness. The end of the tube is I
fitted with a polyethylene cap having a porous lower surface and
connected with a small Teflon adapter, G. The cover to the solution
chamber is of nickel-plated steel. I

The primary solution vessel is two in. O.D., four in. high, with a
0.032 in. wall thickness. The cylinder 5.s made of nickel-plated copper.
The flange, which has threaded holes, is nickel plated steel. The con- i
tainer has a Teflon liner which also has a 0.032 in. wall. The flange
on the liner makes the seal when the vessel is closed.

For an experiment the primary solution vessel contains 100 cc.
demineralized water. The volume of the secondary vessel is 30 cc.
During an experiment it contains 20 cc. of water. This secondary
solution removes any HF from the effluent gas that may be carried over I
from the primary solution. Since the secondary solution ib so dilute
it also assures that upon leaving the burner the effluent gas flows
through a solution whose vapor pressure is essentially unchanged during
the experiment. In the main solution vessel, the liquid is pure water
during the fore-period, and contains about two weight percent HF in the
final drift. The vapor pressure of water or this solution is
23.46 mm. W at 25"C [101, whereas it is 23.77 mnn. Hg over the pure
water. The vapcr pressure of HF over the solution is 0.048 nm. Hg
at 250 Cr

2.2. The Calorimetric Equipment

2.2.1i. Calorimeter

The calorimeter is one of several in this laboratory incorporating
modifications of the DickLnson design (l. The radifications are
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briefly described by Prosen, et al. [12]. This calorimeter is usually
referred to as the submarine type, since the constant-temperature
enclosure cah be raised and lowered in the surrounding water bath.
The calorimeter can is separated from the enclosure by a ½-inch air
space. The calorimeter ic supported by three metal pegs and has a
volume of 5.5 liters. The lid has three holes for bringing out the
platinum resistance thermometer, the leads to the electrical calibra-
tion heater, and the flow lines to the reaction vessel. These holes
coincide with three tubes in the shield cover. The reaction vessel
and most of the heat exchanger are immersed in the stirred water of
the calorimeter. The water is stirred at a rate of 300 r.p.m. The
reaction vessel was placed on a small brass platform, supported by
three small cones. This positioned the bottom of the reaction vessel
about 1/4 inch above the bottom of the calorimeter can.

In the customary manner, temperature measurements were made with
a calibrated platinum resistance thermometer, used in conjunction
with a G-2 Mueller bridge and a high-sensitivity galvanometer [131. A
displacement of 0.5 mm on the galvancmeter scale represented 10 micro-
ohms on the bridge or one-tenth millidegree. At OC, the thermometer
has a resistance of 25.4668 ohms.

The temperature of the jacket water was kept constant at 320C by

an automatic regulating system consisting of a thermistor sensing
element, linear D.C. microvolt amplifier, strip-chart recorder
(-5 to +5 mv.), current-adjusting-type controller, and a 50-watt
magnetic power amplifier [l14. The jacket bath is equipped with two
heaters, a l 4 -ohm heater for raising jacket temperature to 32 0 C, and
a 131-ohm heater for temperature control. A 500 ma meter is connected
between the magnetic amplifier and the control heater. The thermistors
form two arms of a Wheatstone bridge circuit of which the two remaining
arms are formed by adjustable temperature-insensitive resistors. Each
thermistor arm of the bridge consists of four bead thermistors of about
1000 ohms each. The thermistors are encased in flattened thin-wall
copper tubing in the water bath. A 1.5 volt mercury cell supplies a
current of 0.(40 ma to the bridge. The current is kept very small to
keep self heating of the thermistor elements below .001 0 C. Figure 5
shows a portion of the record of the variation of the jacket tempera-
ture with time. The temperatbre was uqually controlled to better
than :O0O150C.

2.2.2. Electrical Calibration System

The heating coil was made from B&S gauge No. 30 Advance wire
covered with a double layer of glas insulation. The wire was covered
with baked glass Lmpregnated spaghetti to' insure complete insulation

Sfrom the copper sheath in which it was ernlosed. The sheath was of
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0.0101t wall soft copper tubing, flattened onto the resistance wire
up to a distance of about four inches from the tubing ends. The
flattened tubing was coilded on a one-inch o.d. tube, to form a coil
of about six inches long. The current leads were of 22 gauge copper
wire and were soldered to the heater wire, so that the junction was
positioned about six inches inside the end of the tubing. This
placed the junction about four inches under the surface of the water
in the calorimeter. The coiled heater was suspended from a small
copper plug, provided with two 1/8 inch holes for the ends of the
heater sheath. The tubing ends were cemented in place, flush with
the upper end of the plug. The plug fitted quite snugly into a ring
mounted on the calorimeter lid. To further secure the plug, a small
screw fastened it to the ring. Ginnings and West [15] have discussed
a method for attaching the potential leads so that there is negligible
disturbance in the current leads due to the attachment of the potential
leads. The first potential lead was soldered to the current lead just
inside of the copper sheath. This positioned this junction at the
physical boundary of the calorimeter, in fairly good thermal contact
witý the calorimeter. The three leads were then brought up to a
1/16" thick, three-inch o.d. copper plate; the second potential lead

was soldered on at the point where the current lead contacted the
copper plate. Then all four wires were coiled on the lower side of
the plate and cemented firmly in place. This placed them in good
thermal contact with the plate. For positioning the copper plate, the
lower side of the lid of the submarine well was counter-drilled to

j 1/16". Soldered onto the upper side of the copper plate was a threaded
brass ring. A bakelite rod, drilled with four holes for the heater
leads and made to fit closely in the tube on the submarine lid, was
I held ' the brass ring. The opposite end of the bakelite rod was
threaded, so that, once the copper plate was positioned in the groove
on the lower side of the submarine lid, it could be firmly pulled up
against the lid, to insure good thermal contact between the heater leadsand the submarine boundary. The heater and lead connectors are perma-
nently attached to the calorimeter lid.

The power for the electrical energy calibration was obtained from
a precision regulated power supply (Alpha Scientific laboratories, Inc.,
Model 103-o5). The unit has a maxima output power of about 500 watts
with a current range from 0-5 amps and a voltage range from 0-103 volts.
The supply can be operated in the voltage or current mode.

We found that with the parameters and switching arrangement of our
Apparatus, operation in the current mode gave more constant vurrent and
voltage readings. The double pole-double throw switch, which connected
the heater and a duw heater of similar resistance alternately into
the circuit, posed a problem in the calibrations. When the power supply
is open-circuited, as when interchanging the du=W and calorimeter

heaters, a large voltage builds up across the capacitors. When the1 counection is again made this transient voltage disappears quite rapidly,

I



L
too quickly to be measured with the ordinary procedure for taking the L
voltage and current readings. In a separate investigation [171 the
magnitude and decay time of this transient voltage was observed with
an oscilloscope. Depending on the length of the heating period, it may
be significant in calibration experiments. For these experiments, it
is assumed that this transient effect does not significantly affect
the accuracy of the calibrations, since the heating periods were
usually sixteen minutes long. For later calibrations, the double pole- I
double throw switch will be replaced by a make-.before-break switch.

Figure 6 shows the observed current and voltage readings. Current and
voltage readings were made on alternate minutes. The diagram shows
that for both sets of measurements, the regulation improves about four
minutes after initiating beating.

The time interval for TAhe electrical heating was measured with a
Beckman Universal EPUT and Timer, which gave the time readings to
10-5 second. The throwing of the switch to send energy into the
calorimeter sim.ltaneously iLitiated the timing. The alignment of
the knife edges of the switches with their respective clip receptacle
was carefully checked. In blank experiments, the accuracy of the L
time intervals given by the timer was approximately checked against the

time intervals using the one-second standard frequency signal at the
National Bureau of Standards. j

Other equipment used in measuring the electrical energy input
consisted of a 0.01 ohm standard resistor, a volt box with a ratio of
20,000 to 20 ohms, a thermostated standard cell, and a Wolff
Diesselhorst potentiometer. Osborne, Stimson, and Ginnings observed
a seasonal variation in the calibration on this potentiometer [16].
They devised a special circuit to avoid this problem. The same
circuit was used in the present calibrations. Also, additional
details on the calibration circuit are given by Churney and Armstrong
[171. The resistors, potentiometer, and standard cells were cali- T

brated at the National Bureau of Standards. &

2.2.3. Flow System

The gas flow system is similar to the one used previously for
"flame calorimetric work at the National Bureau of Standards [9].
Figure 7 shows the arrangement of the parts of the flow system for the
calorimetric experiments. Preceding the calorimeter, there are three
principal flow lines which connect to the three inlet ports M the
burner (Fig. 3). These three lines are used for (1) the prinary
atmospheric gas (H2), which makes up the larger amount of gas, (2) the
secondary atmospheric gas (H2), and (3) the fuel gas. In all experi-
merits conducted in this study, ýrd•ogen was the reactant in ecess,
and is therefore referred to as the atmosphere. The helium source is
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I
available and connected up so that any or all of the flow lines can

.be flushed with helium at any time.

1 The fuel line begins with the sample bulb at B. More detail of
this weighable bulb is Shown in Figure 8. It is specially constructed
£for resistance to corrosive gases. The three-inch sphere is assembled
from thin-wall (0.0151, wall) Monel hemispheres which are welded to a
thicker equatorial support, ring. The stem is approximately 4" long
of 3/16" o.d. Monel tubing. The stem reduces to 1/8", o.d. thin-wall
so that =1a1l values can be connected. The valves used were obtained
from the Dibert Valve and Fitting Co. Both Monel and stainless steel

316 valves with Teflon packing were found to be satisfactory. In-
cluding valve , a typical bulb weighs approximately 150 grams. The
bulbs were weighed on a 300-gram-capacity Mettler balance.

The float type flowmeter in the fuel line is eqaipped with two
, floats, one of tantalum and the other of stainless steel. Not shown

in the diagram is an absorber of magnesium perchlorate placed
immediately after the helium cylinder. Pre-drying of the helium is
desired for the helium that enters the fuel line, but as will be ex-
plained later dried helium is not needed for the rqdrogen lines. It
is to be noted that the flowmeter is the only intervening item in the
fuel line between the fuel source and the flame tip where the fuel and
4drogen are reacted.

Both hydrogen lines include a float-type flowmeter and weig-'ble
bubblers. Each bubbler is Pyrex and, including water, weighs about
69 grams. The purpose of the bubbler is to saturate the hydrogen with
water to aqensate for the water removed from the reaction vessel byj the effluent hydogen. This poiuit is discussed more fully in the
appendix.

The calorimeter is shown at H without detail. The items after
the calorinmter used in these experiments are the absorption bulb, I,
containing magnesium perchlorate; the sample bulb, K; the bubbler, LI
and the flowmeter, M. The absorption bulb removes water from the
effluent hydrogen. The sample bulb is used to extract samples of the
effluent gas for analyses. In contrast to the fuel sample bulbo, these

spherical bulbs have no special weight restric+ions. The ones useBd were
of Monal, assembled from coaercially available spheres (20-gauge wall).
The stems wers .250 in. o.d. When prepared for use, this bulb is
evacuated. Therefore, the bubbler containing Kel-F oil serves two
purposes: (1) it prevents suction of air into the sanple bulb while the
effluent gas is being sampled, and (2) it is a visual indication of the
flow of gas through the calorimter. The final floweter is motly of
value as an indication that the reaction is taking place. When the
reactio is not occurri;g a higher flo of tydrogen exits the reaction
vessel and the flMat registers at position 1, for example. TIon initia-
tion of the flame, some of the kqdrogen is reacted and tre products are
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r condensed in the calorimLt-r. Therefore, less hydrogen leaves the
calorimeter and the float regi.ste--s at pobitiou 2. When the reaction
is halted the flamne is extinguished and the hydrogen flow returns to
norm'al. Therefore, during the initial and firal drift periods the
floqt is at position 1 and during the reaction it registers at 2,, The
soda-lime absorber (N) was not used in the calorimetric experiments,
b,- was used in disposing of unwanted fluorine and oxygen difluoride
wýiie filling sarqplý bt.bs, It also serves ds an absorber if the flame
doeq not ignite as p:asrued.

2.2.h. Ignition System
A high voltage coil (previously removed from, an automobile) was

obtained from the Transportation Section of the National Bureau of
Standards. It was corwected through a 6-volt transformer and a toggle
switch was connecteC in the 110 volt line. For the experiment the
high voltage lead was connected to the lead shown in the photograph in
Figure 3. The toggle s•-Itch wv.s thrown at the appropriate time to
initiate the sparking for igniting the reaction gas ziLixture.

2.3. General Experimental. Procedures

2.3.1. Adjustment of the Jacket Temperature

The first step in the calorimetric procedure iL to adjust the
temperature of the jacket to 32OC. Once it is established that the
temperature is being controlled satisfactorily, preparations for the

experimrent are continued.

2.3.2. Preparation of Burner

I For the ttrze systems investigtted) the burner was subjected to
varying amounts of condi tioning which will be deocribed under the
separate sections on thc reactior ;. However, in general, preparation
of the reaction vessel consists of (1) positioning the sparking- wire
over the flame tip D, (Figure 4),, (2) charging the solItion chambers
with water, and (3) assemibling the burlae. After positioning thr
sparking wire, ths primary solution vcssel is filled with lOO cc of
dezineralizid water and covered immediately. Note that the cover for
the primary solution vessel is attached to the gas inlet tube to which

aizo is connected the cup oi the combustion -hamber. Next, the second
solution vessel is charged wdth 20 c-n wate., covered and connected to
the pr--:.ry solutin vessel and cooling helLt:. At this point, the
burr is ready to be positioned in the calorimeter.

2.3.3. Prepration of Fuel Sample, Absorbers, and Calorimeter
C..an

I The f.,el sample bulb5 are always filled prior to the calcrimetric
experi.ment, using i procedure described for each fue&l. Similarly, the
bubblers and maonesium verc.iorate absorber are charged in advance.
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ImMediately after preparing the burner, each of these items is weighed
to 0.1 mg. On a 6 kg balance the weight of the calorimeter can, with

water, is adjusted to 5950 grams, ±0.5 mg. This weight also includes
the support frtý t-mactkivessel. Immediately 'he burnzer is placed in
the calorimeter and the calorimeter is covered with its lid from which
is suspended the calibration heater. A small strip of neoprene is,
placed around the heat exchange tube of the burner to close the calorim-
eter opening and prevent evaporation of water from the calorimeter. The
calorimeter is now placed in the enclos-. - 1ubmarine) and lowered into
the jacket bath. The fuel bulb, bubbleri .u absorber are connected
into flow lines. In about five minutes the te.iiperature of the jacket
bath has equilibrated back to 320C.

2.3,4. Conduct of a Reaction Experiment

L
The flow lines are first purged with helium to remove any air

present. A flowing hydrogen atmosphere is then established in. the
primary and secondary atmosphere lines. Using the calibration heater L
the temperature of the calorimeter is adjusted to 29*C. Once the
temperature of the calorimeter has equilibrated and the desired hydrogen
flow rate is established, initial drift period readings are begun.
Though the fuel line is initially flushed with helium, no gas is flowing
through the fuel line during this period. After a fore drift period of
about 20 minutes, the reaction is initiated by simultaneously initiating
the sparking and releasing the fuel from the sample bulb. The high- L
voltage sparking is discontinued when there is certainty that the fuel
has ignited. This is usually after 10 to 15 seconds of sparking. Increase
in the rate of the tempercture rise of the calorimeter and the decrease in
the flow rate of effluent gas are the main signals that the reaction is
taking place smoothly. In most experiments, the reaction was continued
until a 2.5-degree temperature rise had been achieved, at a rate of about
0.26 per minute. This usually required a 15 to 18 minute reaction period.
As iill be discussed more later, it was feared that a faster rate of
reaction would have resulted in either melting of the burner tip or
more extensive corrosion of the combustion chamber. After achieving
the desired temperature rise, the fuel sample bulb is closed and the
fuel remaining in fuel line is flushed into burner with helium. The
helium flow is reduced and continued in the fuel line for the
remainder of thL experiment, while hydrogen flows through the other
lines. The reason for continuing the helium flow ii to prevent back-up
of the products into the fNel line in case of no gas flow. However, it
was later realized that helium flow in the fuel line up to and during the
final drift period is not necessary. After the reaction experimbnts,
the solution in the primary solution vessel is transf erred, with wash-
ings, to a weighed 250-cc polyethylene bottle. The secondary solution
(20 cc) ai-jlao ý-ecovercd for titration.
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2.3.5. Conduct of an Electrical Calibration Experiment

The procedure for conducting the calibration experiments is veryI similar to that used for the reaction experiments. The solution vessels
contained 100 and 20 cc water, respectively. A hydrogen flow through the
bubblers is maintained at a comparable rate as used for the reactions.
The helium flow in fuel line constitutes the main difference in the
gas flow for the calibration and r4action experiments. In the calibra-
tions, a small flow of helium is maintained in fuel line throughout the
experiment. In the reaction, as pointed out above, helium flow is
started in fuel line when it is needed to purge the fuel from the
flow line.

Figure 9 compares the variation of calorimeter temperature with
time for an electrical calibration experiment and for a combustion
(oxygen difluoride-hydrogen) reaction. Some "overshooting" is observedI in the calibration curve. Also, for the combustion reaction, "overshoot-
ing,, was observed, however, considerably less than for the calibration.
This "overshooting" is presumed to be due to the position of the
produced heat effect relative to the platinum resistance thermomter.

2.3.6. Calculation of the Corrected Temperature Rise

I All of the values for the corrected temperature rise were calcu-
lated by an IBM 7094 computer, with a computer program developed by
Shomate [18]. For the calculation,, it was necessary to give the
computer the following data: (1) dial corrections for the Nueller
bridge; (2) time and resistance readings taken during the fore-drift,
reaction,and final drift periods of the experiment; and (3) constants
for the platinum resistance thermometer. This program was originally
developed fo. use in bomb calorimetry experiments. A comparison be-
tween values for some hand-calculated and computer-calculated values,
showed that the program could be used in calculating some parts of the
data for flame (flow) experiments. For flow experiments, the useful
data obtained include the corrected temperature rise; the convereion
factor, dR the corrected resistance change, ARcorr; the initial and

fil Mdrits; the cooling constant; and the initial and final tempera-
tures for the reaction period.
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2.h4. Electrical Calibrations

[ A total of ten calibration experiments were performed. The first
three were considered preliminary, carried out for the purpose of
courdiriating procedures used batween the two persojns conducting thi
calibratton experiments. The results from the remaining seven
exper.iments are given in Table 1. These are an uninterrupted series
of experiments, carried out between two sets of oxygen-difluoride-L hydrogen reaction experiments. Given in the table are the experiment
number, the initial temperature of the calorixeter, ti; the final
temperature of the calorimeter, tf; the average temperature, tau;
the corrected resistance increase, ARcorr; and the corresponding
corrected temperature rise, Atcorr. The lower part of the table
gives the measured current, voltage, time, total electrical energy,
and energy equivalent of the calorimeter. Thf average value found
for the energy equivalent was 21887.9 J (0) with a standard
deviation of the mean (seven experiments) of 0.006%.
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A.0 The Reaction Experiments

3.1 The Oxygen Difluoride-Hydrogen Reaction

3.1.1 Analysis of the Oxygen Difluoride

j The oxygen difluoride sample was obtained from the General Chemical
Division of the Allied Chemical Corporation. This gas is generally
produced by bubbling fluorine into a two percent solution of sodium
hydroxide. By special selection from the production lines, the oxygen
difluoride supplied for these experiments was of higher purity than is
ordinarily available.

According tc the supplier's analysis which accompanied the cylinder,
the gas contained in weight percent: OF2, 99.25; 02, 0.69; C02, 0.06;
and 0.01 volume percent CF4. These analyses were obtained by a gas
chromatographic method developed by Kesting et g. [19,201 The (F4
content was estimated from an infrared spectrum. In addition to this
information, these authors made available to us complete details of
their procedures and also information obtained from their investigation
of iodimetry and infrared spectroscopy as possible methods of analysis
for oxygen difluoride. A comparison of the results from their repeated
analyses using the three methods was made, and it was found that the
gas chromatographic method yielded both the most precise and the most
accurate results.

Their chromatographic equipment consisted of a Perkin Elmer Model
154 chromatograph equipped with a Micro Tek 7 part gas sampling valve.
Silica gel of 40-60 mesh was used for column material. The conditions
were: column length - 1 meter (1/4" o.d.) copper tubing, column tempera-
ture - 25 OC (isothermal) carrier gas - helium, flow rate - 50 cc/min,
detector - thermal conductivity cell, detector voltage - 8 volts, and
sample size - 1 cc.

The OF2 sample, for analysis was extracted directly from the
cylinder. The chromatographic peaks for oxygen difluoride, oxygen andI zarbon dioxides were calibrated. It was found that peak area percent
for these fractions was very nearly equal to volume percent. Using a
mercury absorption technique ýhich they developed, they found no free
fluorine in the gas.

For the calorimetric experiments in our study, the oxygen diflucride
was not used directly from the source cylinder. For this reason and
also because of the importance of the analysis to the accuracy of the
c •ýrimetnic data, the oxygen difluoride was re-analyzed in this
laboratory, using procedures similar to those described by Kesting

t al ý19 20].
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The manifold for fillirr t~he sample bulbs is shown in Figure 10.
This manifold was used for filling sample bulbs with fluorine and
oxygen difluoride. Orly those iteips used for oxygen difluoride
sampling are mentioned in this discussion. For these expariments
the oxygen difluoride was not subjected to any further purification.
Directly to the source cylinder was connected a ore-piece multiple-
v-lviig system obtained from the Matheson Company. With the nitrogen
source (A), traps C, F, and I, and valves 2, 8, and 12 closed off, the
sample bulb and flow lines were evacuated. Values 3, 4, and 5 were
closed and the OF2 cylinder was opened by a remote cortr-l. Valve

3 was slightly opened. Valve 4 was opened long enough to allow L
one atmosphere of gas to expand into the open lines and sample bulbs.
After about 20 minutes the cylinder was closed, valves lOand 11 were
opened, and the system vas evacuated through soda-lime trap, F. Valve 10 L
was then closed. The valves to the sample bulbs were closed. The
OF2 cylinder was opened and by slowly opening valves 3, L, 7, 9, and 13,
gas from the cylinder was allowed to bleed through the soda-lime trap
(I) until all connecting lines were adequately passivated. Valves
4 and 13 were then closed. Note now that the fore-pressure on valve 4
is 400 p.s.i.g., the same as in the source cylinder. The valves to j

sample bulbs were then opened and the bulbs were repeatedly (3 times) L
filled with OF2 (20 p.s.i.g.) and then emptied t~hrollqh trap I. After
this manipulation, they were filled to 100 p.s.i.g. T nt cylinder valve
and valve 13 were then closed and civened, respectively. The over- 1
pressure of OF2 was then absorbed in th6 6oda lime trap. Valve 5 wae
then opened and the line flushed with nitrogen through the soda lime
trap. The lines were then evacuated through trap F an' the nitrogen-
fLushir repeated. At this point the sample bulbs were removed.

For qualitative identification, an infrared absorption spectrum
was made on the sample [21,221. The IR cell was Pyrex with silver
chlcride wineows. The windows were clamped in place and sealed to
the c-lindrit-al cell with Kel-F O-:'.ngs. This spectrum is shown

in Figure 11. On the basis of information in the literatum references,
the absorption bard at 1300 cm- 1 can be attributed to CF4 .

The chromatographic procedure for quantitative analysis of the
cxygen difluoride sample is similar in most respects to that
recommended by Kesting et al [19,201. Our chromatographic equipment
consisted of an F & M Moiel 500 which was already equipped with an
electrically heated oven for th- column, a detector (thermal conduc-
tivity cell,, and a strip-chart recording potentiometer (-.0.2 to
+ 1.0 my).

Figure 12 shows the marifold for introducing the X 2 sample it:tc
the chrcmatograph. The sample bulb was simply connected in the
carrier gas loop which was provided with a bypass. "t~r attachir.g
tr.S sample bulb, the sample loop (between valves 1 anr' 2) is flushed
with helium ard they' valvt's 1 a'Ad 2 closf-d, until ready for iaitroducirg

CF2 sample rtc co n. Slo rI 1-•1 a-60 r,1sh *a '1 a4 colu
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material. Prior to the analyses, the column was conditioned Pt 3500
for one hour under a flowing helium atmosphere. Other iniformation on
the corditions for the analyses is given on Fiýur-s 13 awd 14, which
show the chromatograns obtained.

In the complete chromatogram, four peaks were obtainpd. These
were verified to be due to 02 (or air), 0F2 ,CF4 and C02. Analyses
were made with the column temperature at 00 and 500 C. At 0 OC nearly
complPte separation was achieved between the 02 and OF2 , but the C02

peak was either very slurred or the fraction did not elute at this
temperature. At 50 0C, the separation between the 02 and OF2 was
poor. After elution of the 02 Pnd OF2 , the column was temperature.
programmed to a final temperature of 150 0C to achie;e ,better elution
of the C02. In agreemert with Kestings et . [19,201 observations,
the CF4 eluted on the " .ill" of the OF2 fraction. The CF4 peak was
evaluated from chromatcgrams obtained made on thi most sensitive scale,
especially for evaluating this peak.

Repeated analyses were made on several bulbs and t_,e results were
quite reproducible. We accepted the finding of Kesting, et al.
that the peak area percent for the observed components (OF2, C02, 02, CF4)
was very nearly equal to mole percent. The peak areas were evaluated
both aralytically and by counting squares. The results from two of the
ara*lyses are tabulated below and tb- average of these two analyses is
used to compute the results in vei,. prrcent.

Analysis I Aralysis II Av.

Mole % wt. %

(F 2  99.07 99.10 99.36

02 .76 .73 .45

CF .06 .07 .11

CO2 .10 .10 .08

For variow, -easons, seve'al preliminary a, ,i were carried
out befcre a proced-ure was acceptpd for these e.~r-?nts. First,
because of the reactivity of the 'F2, it I- -. ctiable that the •2
would react with the silica •I. In carrying out prelrminary analyses
at vcrious coltume temperatures, it was -oted that extraneous peaks
appeared at a temperAture ýf 750, and al,,o that even at 600, the mole
P~rcet! of OF2 decreseed whilo the niole ptrcent of 02 increased. >
pr-,eitrrary analysas demonstrated that silica gel is not a grra.lly
us5fii columjn material for chromatographic aralyses of the reactive
iA,,r&!c fluoriles. Thý- *.sts 1di show, however, that under the proper
co!d-1tior-, nUica _gei has irood separation efflciercy toward OF2 cn
th" .-. rt c-o'tn.tnr¶ ' 02 and O"4. Though the ý7- peak apfpars
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!
to be pure 02, there is still some doubt as to whether the peak is
due to a mixture of 02 and N2 . A method has been developed and will
be tested on a sample of the OF2 to determine whether or not nitrogen
is present. An accurate analysis for the oxygen content of the sample
is particularly important for the calorimetric portion of the experi-
ments, since under the coreitions a correction must be applied for the
reaction of the impurity oxygen with the hydrogen.

II Hydrogen

The hydrogen used was acquired in a 200 cu. ft. cylinder from the
low-temperature calorimetry group in the Heat Division. The hydrogen
had been obtained earlier from the Matheson Company. A mass-
spectrometric analysis was performed directly or. the contents of the
cylinder. The composition of the gas was found to be, in molp percent:
H2 , 99.9; H2 0, 0.04 ± .02; and N2, 0.05 : 0.01. The presence of the

moisture offered no difficulty in conducting the reactions, because
in most of the experiments, the reaction vessel already contained in
added quantity of water. However, the nitrogen impurity could conceivably
react to &-re a small amount of NH3 . No test was made for NH3 in these
experiments. In some earlier calorimetric work on the hydrogen-oxygen
reaction, Rossini [23] reported the presence of nitroZen impurity in
the oxygen sample. When oxygen was burned in hydrogen he tested the
product gases for NH3 and found the amount present to be negligibly
small. On the basis of Rossini's observations, it appears that the
nitrogen present in the hydrogen and other materials used in these
experiments will produce a negligibly small effect on the results.

3.1.2 Calorimetric Experiments

The oxygen difluoride wam introduced at a rate of approximately
80 cc per minute, into a flowir- atmosphere of hydrogen of about 360 cc
per minute. During the reaction, this gives ar excess hydrogen flow of
200 cc per minute. The fuel flow was maintained constant by manual
adjustment of the valves in the fuel line near the nample bulb. Several
preliminary expcriments were carried out. The results from thirteen
experimerts are reported here. The results aze repotted as two series,
because the first six were ctrried out before the electrical calibra-
tions and the remaining ieven after the calibrations. Otherwise, there

is no differerce in the procedures used for the two se t s of experiments.

3.1.3 Analysis for the Reaction Products

The hjdrofluoric acid solutio- formed in tVe experIment was
aralyzed for acid present by titration with standard sodium hydroxide
solution. As described sarlier most cf the product acid solution, with

I washirps, was trarsferrod from the burner to a wrighed 20-'O4 polyethylene
bottle. The bottle plus solution was Vain veighod to 0.1 mg and afterini



correction for bouyancy effects, the total weight of the &cid
solution was obtained. Weighed aliquots of this soluti.on were
titrated to obtain the amount of acid in the total solution. The acid
retained by the polyethylene gas dispersion funnel (see Figure 4) 1
was recovered and titrated separately. Very little acid was found in
the secondary solution. The amount ranged from .01 - .10 milli-
equivalent. These three measured amounts of acid were combined to
give the total observed acid. All of the acid was assumed to have

originated from the reaction of hydrogen with the oxygen difluoride
sample. [

The amounts of HF measured and the amounts theoretically expected
are compared in Table 2. The experiment number, the moles of HF arising
from CF2, nHF2 (theo); the moles of HF arising from the impurity,

n CF4 (theo); tne total moles of HF (theoretinal), Z nH(theo.);nHF B

the moles of HF measured, n (meas.); the ratio of the mole of the
measured to the theoreticalHF ; and the difference between the
theoretical and measure~d amounts of F•; are given in this table. The
theoretical amounts of HF are a'M based on the results from the
analyses on the OF2 sample carr.' Ad out in this laboratory. Except
for three experiments, the results show a consistent loss of HF.
Experiment numbers 3 and 4 show a larger amount of measured HF than
would be theoretically expected. No good explanation comes to mind
for this excess HF. Unless, there was reduction of some metal fluoride
like CaF 2 or NiF2 , to give rise to the "extra" HF, it is believed that
the higher recovery is due to some gross error in the titrations for
these experiments, rather than a systematic error in the analysib of
the oxygen difluoride sample. Experiment number 32 shows an unusually
large loss of HF. The reason for this is not clear. On the average,
the percentage recovery of HF in. the series I was 99.69%, and in
series II, 99.30%.

It is assumed that the loss of HF was due to corrosion of the
Monel combustion chamber. This assumption is not unreasonable, in view
of the fact that the chamber is small (1.12" i.d.) and 2" high,
subjected to such a corrosive mixture (HF-H 2 0), a&.d high temperatures.
The data in the last column (LnHF) wae tabm.-lated to test whether there
was any pattern to th, corrosion from one experiment to another. For
example, if all the differences were comparable, regardless of amount
or length of reaction, onm could reason, that a certain amount of HF
was needed to condition combustion area and once conditionad, no
further corrosion occurred. However, the differences showr. vary widely,
leading one tc believe that the amount of corrosion in a particular
experiment depends on the state of the combustion chamber wall aftv,
huv1r~g been exposed to the atmosphere.
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L
3.1.4 Tests for Corrosion of Reaction Vessel

Samplcs of the product hydrofluoric acid solutions were submitted I
to the NBS Analytical Chemistry Division for tests for some selected
metal ions. Because the combustion chamber was made principally of
Monel, and silver-soldered in a few places, the solutions were tested
for Ag, Ni, and Cu. Ca was also analyzed for because it was felt that
calcium could originate from the CaF 2 disk over the sparking electrode.
From one experiment to the next, one could detect a gradual erosion
of the disk. The analytical technique used was atomic absorption
spectrophotometry [24]. The results from these tests are summarized
in Table 3. The blank represenits a sample of the demineralized water
which is placed in the solution chambers of the reaction vessel for L
the experiments. The analyst's results in pLg/cc solution are shown in
the second to fifth columns. The difference between the results on
the blank solution and those for the solutions after the
experiments showa ions present in the HF solution which must have
originated from corrosion products in the combustion chamber that are
subsequently dissolved in the solution. The sixth through eighth coluMns
show the weights of ions that would be found in the total solution. The
final column gives the equivalents of HF, consumed, assuming the metal
was first corroded by either HF or the fuel and then transferred to
solution chamber by HF-H 2 0 mixture. The tests tend to confirm that
corrosion does takF place, and that the copper and nickel react roughly
in the same ratio as they exist in Monel (60 Ni 33 Cu). The
experiment #1 is not included in later results because it was carried
out mainly for the purpose of conditioning the burner. The corrosicn
tests show that more corrosion resulted in this experiment than in the
others. f

1.
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3.1.5. Hett Measurements for the OF2 -H2 Reaction

The over-all heat measurements for the oxygen difluoride-hydrogen
reaction are given in Table 4. The first part of the table gives the
experiment number; mi, the mass of the oxygen difluoride sample; ARc,
the corrected resistance increase for the thermometer; dR/dt, the factor
for converting resistance increase to temperature increase; and Ato.rr.e the
corrected temperature rise of the calorimeter. The average temperauure
is the mid temperature between the temperature at the beginning of the (
reaction period, and the temperature at the end of reaction period.
The average temperature is taken to be the temperature at which the
eactioni take3 place. Ae is a correction to the energy equivalent for I

the deviation of the contents of the calorimeter for thesL reaction
experiments from those of the calorimeter for the electrical calibrations.
The correction was made for one-half of the HF and watur formed in the
reaction since this would be the amount present 4t the average temperature.
The heat-capacity data of Thorvaldson and Bailey[25] were used for making
this correction. ecal is the energy equivalent of the calorimetersystem for these expersimen d qsbs is the observed heat effect,
equivalent to ecal. syst. x Atcorr.*

3.1.6. Corrections to the Heat Data

The corrections made to the observed heat data are given in Table 5
and can conveniently be grouped as due to (1) reaction of impurities in
OF2 sample, (2) ignition energy, (3) heat of vaporization of water, and
(4) tempering of reacting gases. The impurities corrected for were
oxygen, carbon *etrafluoride and carbon dioxide. It was assumed that
the reactions with hydrogen took place according to the following
equations:

LR (250)

q02 (4) H2 (g) + ½ 02 (g)- H 20 (L -68.32 kcal (tmol H20)

q, (5) 2 H2 (g) + CF4 (g)-4 [HF:50 H2 0] -84.2 kcal (mol CF

-221. -76.3

qc02 (6) 2 H2 (g) + CO2(g)- C + 2 H20 (Z) -42.59 kcal (moi 202 ,-

The data fr calculating the heats of the reacticns were cbtainedrl
from the ,impilation 4y Waran ;t al[7. The ignition energy 'q•1  as
measul-ed lirectly and f-un:,- to be 1.4 ,>ukes per svcgnd of sparkik.
The nethrnd usei was the same as that used by R)ssijiL231.
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The correction for the heat of vaporization of water arises from
two sources. The larger of these corrections, qvap), is due to

condensation or water in the reaction vessel by the reacting hydrogen.
The hydrogen removes the water from the bubbler in the flow line directly
preceding the calorimeter. From the room temperature, vapor pressure of
water, and voliume of hydrogen reacted, the amount of water transported
into Calorimeter was calculated. qvap was calculated using the heat
of vaporization of water at the average temperature (Table 4) of the
calorLmeter. q; is a correction for the heat of vaporization of water
not rero-ved f.om the calorimeter by the helium used in flushing the fuel
line at the end of the reaction period. As shown in Figure 7, helium
in fuel flow line is not passed through a bubbler before the cailorimeter.
As a result• flushing the fuel line with helium causes vaporization of
water from the reaction vessel and this occurs after the principal part
of the temperature rise has occurred. Also, no helium passes through
the fuel line during the initial drift period. Evrporation heat thus
influences the final drift rate, but not the initial dr!.ft rate. It
seem.s that this situation is analagous to bomb rotation in rotating
bomb zalorimet.y. It is argued there that if bomb rotation is started
at tLme, t.I, no correction needs to be applied for the energy of rotating
the bomb [26]. In a flow experiment, tm is the time at about one-half
of the temperature rise. Therefore, if the helium flow were begun at
the point where one-half of the temperature rise has occurred, it would
not be necessary to correct for the heat of vaporization of water by
heli,_, even if there was no flow in the initial period. On this basis,
%vTp corrects fcr the heat Qf vaporization of water not evaporated for
a .,-e interv:al equal to one-half reaction time. The volume of helium
is calculated from the rate of flow of helium and the temperature of
the water is taken to b2 ta, the average temperature of the calorimeter.
qte-R, is a correction for preheating the reacting gases. The method
usec. for ma.king tis correction is explained in the appendix. The sum
of the corrections is given in the finel column of the table.

3.1.7. Thermal Corrections for Corrosion of Reaction Vessel

As stated in the introduction (equation 3), the object of the study
is to measure the heat of reaction of oxygen difluoride with hydrogen to
give an aqueous solution of hydrogen fluoride. As shown by the analyses
on the product solutions, a discrepancy exists between the amount of
oxygen difluoride introduced into the reaction vessel compared Zo the
amount reacted to HF and water. Because of the reactivity of oxygen
difluoride and also based on our experiments in the oxygen -hydrogen
system, it is assumed that all of the OF2 released fron. the sample
chamber is reacted with the hydrogen, and the failure to recover the
theoretical amount of HF is due to its corrosive effect on the reaction
vessel. Using this argument, the observed heat of reaction is corrected
for the effects given in Table /, and is further corrected for the
heat of reaction of OF2 with H2 , and then subsequent reaction of the product
H' with the combustion chamber, wIlich is, principally nickel.
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It is assumed that the OF2 is first thermally decomposed to F2 anrd
02. In early preliminary experiments, we attempted to burn hydrogen in
excess OF2 . A flame was achieved but an infrared spectrum of the I
residual gas showed very little OF2 present, suggesting that the excess
OF2 had thermallý decimposed to the elements as a result of the heat
from the flame. It is general knowledge that OF2 does thermally decompose
above 250 OC [27]. Equations 7-11 presumably show how the subsequent
reactions proceed. The over-all heat of the reaction in equation 11 is
used to correct for the missing oxygen difluoride. The amount of OF
consumed in this manner is the difference between the measured amount
of OF2 (n'y ))calculated from-the measured product HF, less the HF arising

from the CF4 impurity. This difference is shown only in equation 11.

Ref. AHR (30 0C) _

(7) OF2 (g) - j 02 (g) + F2 (g) [est] - 6.0 kcal (mol OF2 ) 1

(8) F2 (g) + H2 (g) k- 2HF (g) [ 7 ] - 129.76 kcal (mol F2 -1

(9) 2HF (g) + Ni----NiF2 + H2 (g) [ 7 ] 29.74 kcal (mol NiF 2 )_1

(10) j 02 (g) [ n2 g 2  7 68.28 kcal (mnol H2 0)

(11) (n -noF) OF2 (g) + (nOF2-naF2)Ni + (nOF nOF2)H 2 (g)
"OFO2  2 2 O2 F 2

(nOF2 roi ý'V_ + (n -Fr, I )NiF 2  _21".78

Th dtausd n akngths ore-io fr helos f F22ralso ithe1 calcubleto -f th, heto ec'1no F n na
arelisel n Tbleý,.rOF2 an 0rý2 are' respez-tivetiyt the the.-retl:Ž-i1

amount of OF2 reacted determined 'rom the maso of •ample, and the a:c,ý:t u:A

OF2 acually invQ'v"d ir reaction c.!culatvd from the measured =.-ount f
p.-o.duct HF. is the nw-"ber f-1 mr,!les of water adled to the roei-n
vessel *5.55 mvi) vdnib the water formed Ii the revction. ne 1 0  t

180



Hs r) w n fnIn

(.'J~ ~ 00 r O '- 3 H

~~r4 -R~
0 \0 t- 4,N (37

) ONO

(13'H R 121 A0'0t

(7 fK0 7 0 NC,

I? ___

Ir L - L r ~ to t

r-4 'oD'C'%-m0to

Ch 01 (0,0 7,O PckO %0%u

0l (NO H 1

~I) 0O to r-4 0~-(n in V\ -4"D P-
w 417 NI t ^ - 4N1.A CVNrjt

4HNH oo HH 00 0% 0 (7

r-4 ..4-

H -4O H H -4HQ -
N00. D1. 0\O,

I- 4A V vs ,\ -
0 r



water to HF ratio in the solution after the reaction,. qF2 is the i
observed heat of reaction, crrrected for the heat effects given in
Table 5. q6.4 is the thermal correction for corrosion based on

equation .1.

For the moment, ignoring the fact that a mass balance was not |
acnieved in most experiments, the heat of reaction per mole of OF2
is calculated in three different ways. First, it is expressed as

.= This is the ratio of the over-all heat of reaction of OF2
nOF

2

to the moles of OF2 introduced into burner. qOF2 is the heat of I
2ZOF 2

reaction per mole of OF2 , determined from the measured product HF. L
q - 2 is the over-all heat of reaction, corrected for estimated

OF2
heat effects incurred in the loss of HF, per mole of OF2, based on
measured HF.

These heats of reaction are for equations with HFsH2 0 ratios
shown in column 5 of the table. For example the reaction in experiment I
#2 is Equation 12. L

(12) 0.05326 OF2 + 0.10652 12 + 5.55 H2 -- •. 10652 HF3560 H2 0

OF2 + 2H2 + 104.2 H2 0 0 2 [HFs52.6 H20)
4

The heats of reaction were adjusted so that the concentration of
the HF solution would be HFS50 H20. The heats of dilution per mole of
OF, ieacted, and the adjusted heats of reaction are given in Table 7.
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I.

3.1.8. Heat of Reaction of Oxygen Dlfluorlde with lfydr-)g..

Deoendlng on the basis of the amount of reaction, thr'ýe clHr-erent
values can be derivred 'or the heat of the reaction of oxygen iif~urie r
with hydrogen at 30 OC to give aauenus HF. The values derived from
the two series of measurements are averaged and turmp.rized below.

-MR (30o) standprd deviation
kcal (mol OF2)-1 of the mean

(1) based on n 227.58 0,04

no correction
for corrosion

(2) based on nbF - 228.75 .22 1.
no correction
for corrosion

(3) based on no-i, 2 227.52 .03

corrected for
corrosion

It is tc be noted that correcting for corrosion gives a trer:.ernd.-,
reduction in the standard deviation of the third value compared to the
second value. Also, the firbt and third values are actually the same
considering the standard deviation of mean for each value. This is
coincidental because the correction applied for loss 'corrosion) of
OF2 is actually comparable to the heat of reaction of OF2 with hydr;gen.
It is felt also that the corrections should be applied for corrosir,
because the lobs cf HF (Ar in Table 2) is larger than the uncerts'.nty

ý t-e analyses for HF in tese experiments. On the basis of these
,:bservatiors the latter, .227.52 kcal (ioIl OF2 )- 1 ], is the preferred va!i
for the heat cf reaction of OF2 with i'ydrogen (Equation 13) at 30 O1.

Using heat ca acity data for OF2 W1 H2 i7 1, H20 T7 LM

fron the references indicated, it is found that the heat of reaction at 25 0C

is -227.54 t .03 (,013%) kcal mol"1. Ccmbining the percentage ur,.ertainty
!n the calibrations (.006%), the percentage uncertainty In the analysis
f-r C '.05%)p a:id estimated uncertainty in analysis of OF2 sample .0.5%),
It !s estAmatel that the over-all uncertainty in this ,alue is * C,

S.6 kcal m . The uncertainty war :alculated by taking the square
r-)" cf the sirm of *.no squares of the individual percentage errors.
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3.2 The Fluorine-Hydrogen Regction

3.2... Analysis of the Fluorine

The fluorine sample was an ordinary comnercial cjlinder of gas
and was therefore not of the high purity that would bf. lesirablo for
a definitive study of the hydrogen--fluorine system. The gas was

obtained from the Molecular Spectroscopy Section of thei Physical
Chemistry Division of the National Bureau of Standards. it had
earlier been secured from the General Chemical Division of Allied
Chemical Company. At the time of these experiments facilities were
not available in the laboratory for further purification of the gas
by fractional distillation.

The study was continued with the hope that a thorough aralyzis
of the fluorine would yield a reliable basis for the heat measure-
ments, thus resultig in accurate data for the hcat of formation of

aqueous solutions of hydrogen fluoride from pure liquid water,
elemental fluorine, and hydrogen.

The fluorine samples were used frc¢.7 the Monel saqple bulbs
(Fig. 8), filled to 170 psig. using the same procedure as described
for filling the oxygen difluoride sample bulbs. However, the fluorine
was subjected to further purification. To remove hydrcgen fluoride,
it was passed through the N'al trap shown in the manifold in Figure 10.

The fluorine was analyzed by the mercury absorption method to
get the total mole percent fluorine [9,28,29]. The residual gas was
analyzed by mass spectrometry for the identification and amounts of
the impui'ities present. Since fluorine in th(zE experiments was the
fuel or reactant in smaller quantity, it was necessary to have an
accurate analysis of the sample. Experience by the earlier in-
vestigators has found that the absorption of fluorine by mercury is
qu:4te complete. Though Kesting, gJ Al [19,20] have devised a method
for checking the presence of fluorine in oxygen difluoride and vice
versa, there is no way of tell 4 ng whether or not other reactive gases
like NY7 and OF are present and absorbed in the iiercury. Fossibly if present
in large enough i.-intity, these gases would exist as impurities and
show up on an 1R spectrum of the fluorine. Such e spectrum wai not
obtained in these experiments.

For the most part, the residual gases are usually relatively
inert. Because of the accuracy desired in the onalysis of thte
residual gas, a chromatographic methoa for analyzine the residual.
gases, independent of the mast spectrometric method, wan developed
ar4i tested in this study. Earlisr refArence hai been vade to the
possibility of using chromatograpry fcr, analysis of thri impuriti-.s
in fluorine [9]. Some investigators havo) reporte4 •n a3r.
chroratographic methods with which bne --an arilyze th# entire
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fluorine mample (fluorine inclusive). However, after notirng what
the impurities were it appeared an arduous task to find an inert

column material with adsquete separation efficiency of the flu,&Ine

and the contained impurities. Consequently, the mercury absorption
method used in conjunction with mass spectrometry and chromatography
was adopted for analysis of the fluorine used in this study,

The zhromatogrephic metixo developed required first the
absorption of fluorine with mercury. Then samples of the resdual

gas vere repeatedly injected into th• chromatograph. The layout of

the equipment used in the chromatography is ohown in Figure 15. The I
chromatographic equipment wae identical to that described for analysia
of OF to the left of valv~ea F. The items- to the right of valv.e#
are t~ose necessary for ext,'acting the fluorire sample. The flask GI

and all connecting flow lines up to flask G are evacuated to .0 micron3,
by means of vacuum source at L. The vacuum is closed off and the
valve to flask G is closed. A small amount of fluorine from container
J, is released into flow lines for conditioning, for about 15 minute's.

With sample bulb Closed5 the connecting lines are then re-evacuated
through trap K which is filled with soda lime. Afterwards flank G

is opened• and filled to one atmosphere with fluorine. The flask is

now closed and the fluorine removed from the lines by evacuating
through trap K. Upon contact with the mercury fluorine to give a film,
after which little, if any, further reaction takes place, without
agitation to break the surface filM. The agitation of the mercury is

provided by a Teflon covered magnet. The flask is placed on a

magnetic stirring motor. Also, as a precaution in case of breakige

of flask, it is placed in a large empty evaporating dish (not shown in

diagram). To insure complete reaction of fluorine, the valve G was

disconnected from line and the flask was vigorously agitated. For

these experiments, the 300-cc flask contained about 1000 grams Of

mercury, much more than is usually used (150 g) for absorption of''

1 ata. of fluorine in a 250-cc flask. .. large excess of mercury. wa: .

used because the concentration of impurities necessary for detction"

on the chromatograph was not known. Conceivably, one could d6ntinue.

to admit and react fluorine sample to build up amounts of the im-n -

purities in Ahe flask. Note that after reaction of oee et•f• O the
fluorine with the 44 the residual gas in the flask is only- about
0.01 atm. 7herefore, when the valve to the flas1 is opei.d to hallcov

the residual gas to expand into the evacuated sample loop,' the sample

to be introduced into the chromatograph is also at a pressu•* of•

s2ightly 1.ess than .01 atm. The tubing section holdting the saaItl wtw,
a 10" long section of ,25"o.d, Monel t,.rbing (.C32" thiddkwl1.. "Wt -

sequently, from the reaction of one atmospherv of the IuoarinE gas." -

the amount of residual gas in the suple loop is •.te ssII,. .iowever•,
it was fourA that this amount wae quite adequate for the c A.meto~aPhi'

analyses. ftere filling the sample loop and closing VakIT's to th-j •t1

18.
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arid other parts of sy'sterni one of' tbe valves Y was ope!nsed to
pressurize the f kaple with helitun from thc- chromatograph . Izmmedistelj
'the by-pass valve was closed and the se--and, valve 9 F, was opened to
flush the sample into the ch~roniatograph. After about 20 seconds, the
by-paos valvc was again ,)pened and the val~ves F were closed. Now the
loop can be re-evacuated anid filled with anoiler sample of the recidual
gas for a repeat analysiso

Ail earlier mass epectrometric analysis on the residual gases from
coriurlercial fluorine had shown that the major impurities were nitrogen,
oxyge-n, carbon tetrafl.uoride, and carbon dioxidpw, with smaller sounto
of' silicon tetrafluoride, -.slfur hexaf'luoride and fluorocarbons.
Tieing this informatiox the cnro'matographic colusm materials wr
selected. Molecular Seiveo 5A, usedbth roeeweo Krae
and Boord (31) separates nitrogen f:'Om Oxygen, but shol-'s no separati,,)n
efficiency toward the other impurities %ilica. gel [19] separates oxygen
pluts nitrogen from the ca~rbon tetrafluoride an carbon dioxide.?
Cllromatograms obtained with *th Lese two column material's are shown in
F'igures 16 and 17, respectively. The conditio'ns for the analyses ar*e
given on, ;he chromatograms. The-peak components were chocked with,
injections of air, pure carbon totrafluoride and carbon dioxide'.

After the chromatographic analyses, the sample loop: was ds
connec ted from the chromatograph at the, two halveq_, F,. 0n. one'valve

aPyrex break-off tip type ampoule was attached , and' the an ivý- and
connecting lines were evacuated. Th.- valve-to the f'lask~ was then
opened and the ampoule was filled with the residual ,go and 4ealed o±'f~,..
A mass spectrometric analysi3 was performed on, this iamle. The -
suits from the two methods are coXPPcred £n _T%.ble 8. Consideri-ng that,
thes e are two completely 'different ttehniquieps,-the 'results compore
rather well. The agreement betwieen theý r'esult's sug'g~ests -that the
chromatographic method poesibly nmay be deve.,oped further and used
routinely as a second way of' analyzing for the impurities in ordi=ar
commercial fluorine, whict4 is wuAl3ly reported -to be of' a purity of'
not better- than 98 percent.

Shown in Table 9 are also the results from mass spectrozvetric
analyses on residual gases frcm sa",'les ** fluarine from sample bulbs
which were filled Rt-diff'erfirt tim-ev.(about. twe -wqeeks pat.For
these analyses, 150 gram.s oWf ýmdury.'wa-- contatine in a 2'50-cc.
spherics: Pyrex bulb sitm'+lar 'Un over~all deý;ign to the bulb shwn. in
Figure 8. The data ir, Tables J8 and 09 show a difference betwae4n the
relative wmounte of' oxyg---n and nitrog". in the re3idU&l Lgali inI the
flask used for- :hromatograpk.V, co;!Wed to the residual gas used
'from the spherical bulbs. Irt is felt thidt the Ia.rger amount of oxygen
impurity in the Erlenmayer flask. may have arisen frowm the uw.rcury,
where a much lz-rger amnount of merc~ury was ;;sed. There itr reason to
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Table 8

C2Mrison of ChromatograDhcig and Mas Spectrumetric

I lor Impurities in Fluorine

Component Mole Percent

Chrom~tography, Mass Spectrometry

N2  45. 42.6

02 47. 47.7

CF. 3.6 2.8

co2 4.6 5.1|so 272 .22
I A .2

SiF4 1.1

[ C2F6  .21

C F .04
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believe that an improvement in the mercury absorption method for
analysis of fluorine would be the following; after cvacuation of
container, admit a small amount of fluorine to condition tlc walls
of vessel and mercury surface; re-evacuate mercury container and

I then proceed wJth analysis by filling veosel to one :mosphere with
fluorine. The data given in Table 9 for the analysis of fluorine
were used in the calculations for these experiments. The hydrogenF used for these experiments was taken froma the sans cylinder used in
the OF - Hn experiments. The analysis for the hydrogen is gi.:%r "xuer
the de crlption of those experiments.[ i

3.2.2. The Calorimetric Experiments

As implied in the earlier discussion, the principal objective
in conducting the reaction is to quantitatively transfer a sample of
fuel (F ) from the s.mple bulb to the reaction vessel and to react
thji £aL11 with hydrogen. Because fluorine is more spontaneously
reactive than oxygen dif-luoride, this objective was more difficult to
Accomplish for the fluorine-hydrogen reaction than for the similar
reaction of OF with hydrogen. In preliminary experiments, several
occurrences suggested that, before each experiment, it is necessary
to condition the fuel flow line with fluorine. OCtherwise. there would
be a noticeable loss of fluorine durira the reaction, making it im-
possible to achieve a mass balance between the fluorine sample reacted
and the HF formed. The most apparent of the corrosive effects of
fluorine was the discoloration on the lowe- part of the Pyrex flow-
meter in the fuel line (see Figure 7). This discoloration first
appeared yellow in air. But upon exposure to fluorine, it would
assumn an orange appeazanze. 'bahWh exposed agair to air, it would be
yAllow ax4u then orange again in contact wit., fluorine. In the first
e.tperlmentr, which are ýroueed •s 3eries I, the fuel line was
passivated by flushing with fluorine from the point where the sample
bulb is attached to the connector for the birner inlet. In later
experiments (Seri3S U) bcf,.ýe conditioning, the combustion chamber was
assembled, connented to fuel line r nr. also conditioned with fluorine,
up to the end of the platinmv tube, t( which the polyethylene gas
disperser is attached. However, the gas disperser was removed for this
conditiordng process,. dhen it appeared that the burner had been flushed
adequately, the fuel line was thon fliuhed with helium to remove the
fluorine r'emainirg in flow line and combustion chamber. The fluorine
sourc • lewa in place untý. 'rime to attrch the one to be used in
the experim4nt.

UAto. oroiAibning tne burner chamber, it was immediately dis-
connected from the fuel line, and casruected to the solution chambers.
The iriet ports of tho burner were capped in an attempt to minimize the
disturbhance to the peisivste- su-fiT*i.

-t.
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The calorimeter can with its water, the bubblers, and the
magnesium perchlorate absorber were weighed and the remaining pro-
cedure was very similar to that already described;for the OF I
experiments. However, the flow rate of fluorine used was coviiderably
higher, approximately 100 cc per minute.

3.2.3. Analysis of the Reaction Product for Hydrogen Fl1oride

The procedure used for the analysis of the hydrofluoric acid II
solutions has already been described, for the oxygen difluoride
experiments. Compared to the OF2 experiments, the recovery of the
product hydrogen fluoride in the fluorine experiments was much more
erratic, and on the average, there appeared to be a considerably
larger loss of hydrogen fluoride. The reason for this is not entirely
clear. However, the section on the test for corrosion points out
several factors that suggest the fluorine-hydrogen reaction to be more|
corrosive to the combustion chamber. The analytical results for the
solutions are given in Table 10, and compared with the amout of
fluorine introduced into the burner. UF 2 (theo; and nt. F. (theo.) 1
are the moles of hydrogen fluoride theoretically expected from the F
and CF in the fluorine sample reacted. Z• (theo.) is the total 2

number 4of moles HF expected and nHF (meas.)Ns the observed moles of
HF. The ratios of these are given in column 7. The data in the last
two columns are included for later discussion.

3.2.4. Tests for Corrosion of Combustion Chamber

From viqual observation of the combustion chamber after an
experiment one could observe that the flame tip was being severely
attacked by the reaction. Also, in the center of the lid to the
combustion chamber was a blackening that presumably was due to carbon
formation froLi eduction of the fluorocarbons in the fluorine sample. I
Otherwise, there was a Qorroded film on the walls of the chamber that
did not show axy obvious change in appearance after exposure to the I
atmosphere. However, in view of the varying amounts of HF loss from'.
one experiment to the next, one may claim that the conditioning of the
burner was distu.rbed in varying amounts by exposure to the atmosphere.

It is interesting to note in Table 10 that the two experiments
with the smallest amounts of reaction; numbers 53 and 56 show the
lowest fractional recovery of HF. In the last four experiments, a
consistently larger amount (4p ) of hydrogen fluoride was unre-
covered. The erraticne.: of the recovery of the HF is the most
puzzling point about the experiments. The loss of hydrogen fluoride
shows no trend with the flow rate of fluorine used. t
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On the basis of observation- in this study, it is believed that L
the recovery of hydrogen fluoride can possibly be improved in several
ways: (1) A reaction vessel with a larger combustion chamber
(of platinum) may be a useful modification. A larger chamber provides 1
more surface area to become corroded however, this disadvantage is
£fset by the fact that the gases (T&, in particular) are cooled

before reaching the surface. Though platinum is recommended for the t
material of construction for the combustion chamber, in a preliminary
design of the repction vessel shown in Figure 4, platinum was found to
be most unsuitable for the flame tip. After proliminary OF - H I
experiments with a platinum flame tip, the combustion chambir wa-I
always well coated with a black surface, resembling a spray-coat o,
graphite. It was very obvious that the platinum flame tip was
attacked severely. A spectroscopic analysis of the black coating on 1
the burner chamber confirmed t~e coating to be platinum. (2) Ex-
periments by Priest and GrosseL33] with a hydrogen-fluorine torch
suggest that copper may be a satisfactory material for the flame tip. I
A copper flame tip was not experimented with in the present study.
(3) The use of helium to lift the flame from the burner tip ma alsolessen the reaction of hydrogen fluoride with the flame tip [9].

Tests were made on the aqueous solutions for.aelected metal ions by means
of atomic absorption spectrophotometry [24j. These results are shown in Table
11. A comparison with the same tests for the OF experiments (Table 2)
suggests that a smaller amount of the salts resulting from corrosion
were transferred to aqueous solution in spite of the fact that a larger
loss of HF was observed for the F2 experiments. The observation raises
the questions of how the ions get into the solution in the first place.
it can be speculated that in the OF experiments, they are first dis-
solved in the product HF:H 0 mixturi and then washed down into the
solutioN, whereas in the fl.orine reaction, the product is dry and the
only way salt can be carried into the solution is through evaporation and I
then flushing down by the effluent gas. As a result one may expect
to firA more metal ions in the aqueous solutiorns from the OF2 ex-
periments than from the fluorine experiments. 2

3.2.5. Heat Measurements for the F2 - H Reaction

The data for the over-all heat measurements for the fluorine-
hydrogen experiments are given in Table 12. The table gives the
experiment number; %t the mass of the fluorine sample; AR c the
corrected resistance change of the thermometer; A the factor for

converting resistance change to temperature change; At corr., the
corrected temperature rise; t , the average temperature of the
calorimeter; ýe, the correctiOX to the energy equivalent for changes

196 l~6 I
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I Table 11

1 Test for Corrosion in F2-112 Fxperiments

SExpt. Ag Ca Cu NI

49 <.02 <,.05 1 0.t. 4-2t

1 50 <.02 <.05 2.3..O" 3. 2

51 <.n2 <.05 0.535-4 2.1-
52 (.02 <.05 0.38±'- 4.90-"104
53 <-.02 <.05 0.40'+.04 1+" ±-5

54<.0 .50.40r- 101-.

56 e.02 o.1±05 .:15 4 0
I ~57 <. 12 <.05 <.2]1+01 (0.02•

58 <.02 <.05 .30- 1.
59 <.102 <. 05 0. 88±' 2.13".
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in the content, of the calor imeter; e"I syst, the energy equivalent
for the calorimeter syetem for the F2 exzerippent; and qobe., tae
observed heat effect. As explained ,jarlier, the experiments are
grouped into two series. To the best of our kno;dledge, the difference
between them in the way in which th fuel line and reaction vette
were pausivated.

I Table 13 gives the jrrectiqns for impurities (qo2,,q q 0 2 );

ignition, q.; vaewirzation (q' p, and the correction for
teMering the reacting gases, qte * • sw of these corrections is
given in the ,Zaet column. These corrections were applied to the observed
heat of reaction (q*,s. Table 12). The corrected heat of reaction, qF2 ,
is givcn I• Table 3.4.

1 3.2.6. Thermal Correction for Corrosion of Reaction Vessel

In making this correction, it. w'e assumed that the unrecovered HF
reacted with the reaction vessel. Howver, in order to arrive at the
amount of fluorine actually reacting to give the aqueous solution of
k drogen fluoride with concentrations determined by the analyses,
the amount of fluorine equivalent to the unrecovered h'drogen fluoride
was subtracted from the theoretical az,>ut of fluorine. Equations 14-I•

show how the beat of corrosion was deriv.d.I
I(14t) F 2(g) + H2(4) "* ZW'(g) .[]-129.6 Imal

(15) 2HF(g) + Ni.- NIF2 + 1X(g) -Zý.9 keal

(16) (n. Ni(2 -42 ) F2) ( + Ni2  -n

Using this beat of reaction and ;AnHf in Table 10, a correition
for the corrosion, qcorros., was csltlated and is given in coluw 6
of Table 14. n!(theo.) is tM e n sber .of moles of HP resulting from the
roa-ýtion of fluorine in ttm saele, wid 4 is the observed aount of
HY in the solution, less the W• ar ving. frcm the reaction of 7F. with H2

t j

e, • =• m= = •a am •m m- 4u m
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.I. ,

0N m. A"4 4A 4

IfI

to%0 OW

I .. . . . 4 ' *

%i 4. m 40 40 0 4% IOOVO IN

*41

SI r

I

4 .4 .

4§1

0
20 I

* - -oo o - I --

_oo -,

f
4 4

# f-, . I

4ll i$ Ii 'i 1 I lil I



0i I
( -fn 0-D

r--1

A I 5 IH~C'. 9 Fe

o"C ?11 m (n2N rH-4 r
-t- fn N~-

H ~ A ~ to

fn "'N.4 N

-~ ~ -, F-4-. A A j4 I'O C- W*

-4 Rl (' 2 ! H E H

qN 4r" 4-t>,

a, w-4 o*'t cv T t

N0 * cc4

0 0 1w 4* 'Y

0 m1

4wt 2z

cv _r , 4

4 -. tv



i

Column 5 of Table 13 gives the ratio of the number of moles of
IDI to that -of water in the solution. The heat data 4F2 ) were

corrected so thz data could be based on a soluiion of noncentration,
HIU' 80H 0. An example with the data from experiment No. 50 illustrates
how the dilution correctior was applied.

(17) .09125 F2 (g) + 09125 H2(g) + 5-.5 1ýo() [.18250 HF + 5.55 Ho01t)

(18)+ ' H2 ( 1 0. 4 1/ [" 30.4 H2C ()

(19) 19-6 F2O(Lt), + tHFl'1 3O., H2 J(t) [1q~ 5~OJ1(t).

2 F (9) +- H2 (g) +- 50H2 0(1) Y)[iF5H201 (1)

The dilution energies were obtained from the literature [7.'

3.2.7. Heat of Reaction of Fluorine with Hydrogen

The values measured for the heat of' reaction (equation 19) are
given in the last three columns of Table 14. qF /ir (theo.) is the

heat of reaction of fluorine, not corrected for corrosion based on the
theoretical amount of HF; j_ is the heat of reaction of

fluorine not corrected for corrosion, based on the observed iff; and

2- %orro 

"

' aF is the heat of reaction, based on q corrected for

%corrow., and IHF (meas.)•

We have selected the data from the Series II as most reliable
because, we fee2 that a Ietter procedure, described earlier, was used
for conditioning the re=ction vessel. However,, it is not knoam whether
or not tht difference in the conditioning procedures Awed for the twe
series of experiments accounts for the differences between the derived
heat-of-formation values. because the uncertainty in the analyses for
hydrogen fluoride is considerably less than the hydrogen fluoride Un-
recovered, one can Justifiubly apply a correction for the corrosion of
the reaction verscl. Mainly on this basis the JAUa in th'ý final Col=
of tablý I era ie ýd as the- mcst reliable. The average valuoý



for the heat of fornation of [HF:50H 01(s) at 30 OC is
-76.69 ± .03 Kcal mol- 1 . Th.o ± .03 ý.047) valae is the standard
deviation of tpe mean. We believe that the uncertainties in this
value arise from the uncertainties in the electrical calibrations
(.006%), the uncertainty in the analyses for hydrogen fluoride (.05%),
and the uncertainties in the analysis of the fluorine (.03%). The
square root of the sum of the squares of the percentage uncertainties is .07%.
The heat of formation of [HF:50H 0] then becomes -76.69 ± .05 Koal mol-i
at 30 °C. Because of the reactiviti of fluorine, and our inability to
achieve a mass balance in the reactions, possibly there are several
uncalculable sources of error in these experiments. However, our

-ability to obtain rather precise results does reflect a certain amount
of control over the procedures and the method for treating the data.
| >ese are some reasons for believing that the value derived may be
fairly reliable. Heat-capacity data for F [7], H[1, H 0[7],
and [HF:50H50] L2.,] were used to calculate &IF tHF:50H2 OJ at ý98.15 0K.
& '298.15 [1:50H2 0] equals -76.68 ± .05 Ncal m.ol-l.

3.3. The Oxygen-Hydrogen Reaction

3.3.1. Analysis of the Oxygen

Ths oxygen was obtained from the Southern Oxygen Company and
was reported to be of high purity quality (>99.99 percent pure).
Attempts to analyze for the impurities did confirm that the amounts
of impurities were too small to be accurately analyzed for by the
usual methods. The oxygen was analyzed by mass spectrometry and found
to contain 29 + 10 parts per million argon. The nitrogen was analyzed
for according to the chromatographic method of Kyryacos and Boord [31];
Molecular Sieves, 5A, was used for column material. Prior to the
analysis, the column was activated at 3500 under a flowing helium
atmosphere. Other conditions are given on the chromatograrm in
Figure 18.

For analysis, the oxygen was used from a spherical metal bulb,
as shown in Figure 8. The bulb was filled with the manifold previously
set-up for filling an oxygen combustion bomb. A vacuum source was
provided for evacuating t'e bulbe prior to filling them with oxygen.
Although further purification was unnecessary, the gas was paszed
through a CuO column, heated to 500 OC, and through successivo columns
of Ascarite and magnesium perchlorate. After evacuating and purging
with oxygen, the bulbs were filled to 170-200 v.s.i.g. for the
chromatographic a-id calorimetric experiments. The sample was intro-
duced into the column with a commercially obtained gas samplin" valve,
which w's mox.Ified with a loop for a 0-mcc sample. Initially one. ao
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samples of air were introduced to cieck the performance of the
method. The results shown in Fig. 18 were obtained using a 10 cc
sample of oxygen. The slurred peak attributed to nitrogen was quite
reproducible. However, attempts to evaluate its area, relative to that
of the larger oxygen peak led to rather uncertain results.

On the basis of the analyses, it was estimated that the oxygen
sample contained: Oxygen 99.987; nitrogen, .009; and argon .004
weight percent.

Hydrogen. The source and analyses of the hydrogen used have been
descrIbed for the OF - H experiments. For most of the 0 - H re-
actions, the hydrogei was used without further purificatioi. 2

3.3.2. Calorimetric Experiments

This was the only one of the three reactions carried out in which there
was the option of using either reactant as fuel, since neither the
oxygen nor the hydrogen in excess would react with the water in the
solution chamber. The reaction was conducted with hydrogen in excess
(oxygen, fuel) because of the higher purity of the oxygen,
and also because the oxygen reacted could be weighed with a smaller
percentage error in the weighing than the hydrogen. During the re-
action, the oxygen As introduced into the burner at a rate of
approximately 130 cc per minute. Though it was not needed for forming
an HF solution, water was added to the reaction vessel for the fi:st [

six experiments. The reason for adding the water was to more nearly
simulate the conditioi5 usedinthe electrical calibrations. For the
later three experiments, no water was placed in the solution chamber,
and the product water was collected to check the mass-balance between
the oxygen reacted and the water formed. In these experiments the
bubblers preieding the calorimeter were replaced by absorbers con-
tainirg successive layers of Ascorite and magnesium perchlorate.
This absorber removed H 0 from H which otherwise would have interferred
with the analysis for t&e water iormed in the reaction. To collect the
product water, two magnesium perchlorate absorbers were used; (1) to
collect the water flushed out by the effluent gas during the reaction
period, and (2) to collect the water from the burner removed by flushing
overnight with helium.

The absorbers were corrected for buoyancy by weighing against tares,
and were corrected for the displacement of helium upon formation of the
h•yrate of magnesium perchlorate with the data suggested by Rossini (34].

The r eaction quantities of oxygen for all the experiments are given
in Table 15. The data given cre the experiment number;m , the mass of
the sample;uO , the mass of oxygen; %, the nmber of moles of oxygen;

2 2

H20 (theo.), the mass of water expected; , the measured quantity
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f01 water in the latter three experiments; and mH 0 (meas.)/M1 ?0 (theo.),

ratio o the measured to the expected Nmounts of water. The analyses
for water were coomplt-ted successlully for two of' the experimentsp
nmubers 44 and 46. The ratio,, 20 (meas.)/mHN (theo,) demonstrates

that a reasonably close mass-balance .as achieved in the experiments.

396#3. Heat Measurements for too 02 - H2 Reaction

The data for the heat measurements are given in Table :L6. The
left-hand part o' the table shos the experiment numbers; ttkv the
average temperature of the oalorimeter; ,Rorr.a the correctea re-
sistanoe change; aR/dt, toe factor for converting resistance change
to temperature change, and, tmOrroo the oorrectos temperatore rise

of the caiorimeter. 1/f2H0 is one-hall' the amount of' water formed in

the reaction, i.e. the water formed at the average temperature. In
the experiments in which the water formed was measured, no vater was
placed in the solution vessel. This is noted in colium 7. Colunns 8
and 9 sho* the correction to the energy equivalent for 1/2mH00 and for
the absence of H20 in ;he solution chamber ior the last three ex-
perimentso oeal, $yst. is the cnergy eq•Aivalent of the calorimeter
system for the oxygem-nydrogen experiments. The observed heat of
reaction, (tC alo cyst. xhtcLrro), is given as qobso"

j Table 17 lists the corrections to be applied to the observed
heats of reaction for the oxygfn-bydrogen syst.'as Given, are the
experiment number qobs.P the total observed heat; qip,' the ignition

I energyu qtep h, te energy used for preheating the gases, and g4ap
and q ,aps the vaporization energies. All oi these corrections were derived

in the same way and have the same meanang as for rne iluorine-hydrogen
and oxygen dil luoride-hydrooen .reactions, q. P and q.P for experiments

numbers 44-46 are r. spectively, the heat of vaporization (qvaP)

for tho water removed from the reaction vessel by the effluent hydrogen
durimn; the reaction; and the heat (qvaP) content of the water vapor

2
in the reaction vessel after the reaction. No corrections were applied
for the reaction of ••muritie. The corrections were applied to the
observed heat 0c+ reactions qobh to give q0a the heat of reaction of

the oxygen. The nuaber of moles of water, na 0 formed (Table 17) is

based on the number o1 moles of oxygen ro•zel. qo•/nH2 0 is the heat

of reaction per mole of water at the average temperature oi the
calorimeter (300#00o
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I
The heat capacities of oxygen (7], bydrogeu [7], and water Tj' iera
used (columns 10,11) correct the measured beat of reaction to the
heat of reaction at 298.15 K.

3.3.4. The Heat of Formation of Water

When conduting the experiments in the same way as used for the
calibrations with water in the solution chamber, a value of 68.32
*.03 K=a mol-1 is obtalned for the heat of formation of water.
Without water in the solution chamber, a considerable change in the
contents of the caloriveter comipred to those for t:o calibrations,
a value of 68.21 is obtained for the heat of formation of water at
2q8.15 0K. The absence of the water in the solution chambers for theI
latter experiments may explain the difference between these two values.
A comparison between the two burners La Figures 1 and 2 shows that the
cooling helix in the earlier burner design is considerably larger than
that in the new design. This suMests that without water in the
solution chambers in the new burner, some of the heat of the reaction
may possibly be lost by insufficient co.ling of the effluent gases in
the calorimeter. This may explain why the heat of formation value ii
derived from the last three experinents is lower than that from the
other experiments. Therefore, -68.32 * .03 is the preferred value
for the heat of formation of water which can be derived from these 1
experiments.

The uncertainty in this figure is presumed to be mainly due to
uncertainties as indicated by the stardard deviation of the mean of
the combustion experiments (.044$) the uncertainty in the analysis
of the oxygen sample (.01%), And tUm =ncertainty in the calibration
of the calorimeter (.006%). The square root of the sum of the squares
of these unctirtainties is .046% (.03 Kcal mol- 1 ). Then. the heat of
formation of water at 298.15 OK is - 68.32 Kcal mol-i with an over-
all uncertainty of .03 Kcal ool- 1 .

n£s10we /•uini• • T iI



4.0 The Beat of Formation of gn Dinfluor.Ae

TIn beat of fmrntis of ogg dif24wia d it derived by tbh
alpropriate cabinatim of the beets of the reactiorA sounm In
equations 20-23.

+ + 9 00 2 WO5920)(1) -227.54
(20) a)F2(s) ÷ H2(g) + 99 120 (0 ) -e 2[(,Hw oJ(9) 1.56

S(22 b) 120(A),* u2[1) .1, 1 oJ(A) -2fa3•.55 2 o](,L) -±5.0±.06(21 b) H2o(A) ., 2 [I,'.49.5%0o)(A) 2 2[Hr.5ofo]2OH

%23) F2() + 2 o(A) oV2 () + 5.86 k=a1l
-*.17o1 -

ft valve dWei•ed for ALt 2 98 .5(a i +5.fls ±.17 -xal ."

Testated uncrtainty is a --- mtimn (square root ef! the m ofth
squares) of the =wtalnties In th beats of the reactions. Because
of the factors em esd inalati tim rurta•UtUS in th L
Sluts of reaction* it Is ps.-ible that the Unurtainty .stmat for
the beat, of fomation viab .a" not Eatolly repreent the accuracy
of the derived value. , It s be recalled that the main reason
for measuring the beats of tie *auziiary, actitw ws to make the
derived beat of fermtiem of 02 less sensitive to systemtic errors
which probably exist in te j1-- fr for al three reactiom-. We
shell neiter atUept to s"sn tim vapitimb of the rptematic errors
nor to estivate the extent to vwhih they canel in tim beat-a-fornatim
calcultion. ftevew w think that a brJef discusison of what w
tin the princlpam2. syetemti weor are •is in order.

Our inbillty to "him the am degree of mas beluan.e in the
OF2-Fe and 72-42 reectJ ionaprsen. atmati. uncertainty in the

mount of uce" achieued In an the thumtwe o reac ti4 . The re-
covery of Ltim ill fotwd uras better (99'.W% for the 0?2 -02 react~ima
than for the 7P2-, revo (98.44). U tihe calcaatim for both
reactions, it vss aa.mid that the var.covred bydroagen Ml&iwaue .s
used In corroding the reaction vessel. A orretion wae applIed for tim

I
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heat of cora'ion. Referring back to Tablea 6 ý(cal. and 10) and 1J4
(cols. 10 am 12), the heats. of reaotiqx ca mtd tr corrasitm based
on the mismed amots of BF are, mc#h mur, preie tbsn the warrec ted
heats of reaction based on IF azr~ed. Oweror, it Is; not k'n
whether or not this irprovoent in precision camels ar errors In the
ca2calatimo of the heat of fwm=tIo vaw, which W arise it= our
imability to achieve a ma balae.

Another source of systematic er=r is the placemt of.tbe eara- |
tin beater in the calorliter relitiw to the cdnistion camber wher
the ebceca energy is liberated. FrMc the description of the position-
13* of the electrical calibration hiAter, w can see that the heater
is closer to the side of the cadri•inter (nearer the thezu.meter),

.hereas the cmustimi chamber is near the oentfx of tbe lra iter'l ,
If the calibration of the calorimter varies with the positioning of 4

the beater, thean a systatic error ektst in the ,amnred bI.ts of L
reactions (eqs 20-22), which wuld be propoarinal to the dilfferes
between the calibrations for the boater positioned in oentes of
cal•orniter, and for the beater pouitiamed closer to the se, of
caloartnter. It sem very litra2 that in calaulating the heat of
fm ution of OF2, this particular systematic er.or would cancel.
Althongh the beat of reaction of nven with hqdrogen. v3 not me•-ired
for the purpose of calibrating the calo•rnter, the agreemnt between
the value ob*ined (-68-32 kcal(,al k,0 )') in this 9tla and -j t
value (-68.32 kcal (Mol jO)-l) by oessni [23,7) suggests that the
calibration used (TaN.. a1) -i relab.

This discussion of the sources of. errors ado nat give bais for
an eumt evaiatim of the unmertainmy iU the derived heat of fomtion
of CF2. But an the basis of the prooodws- used and results obtained,*
it is estimted that the overall uaertainty in the value in not (peater
than ±.30 kca WI" 1 .

5. The kWok of LPrevious Iu-zestigatwrs

5.1. 0n the %.at of Purmttinuf OF2(g)

As pointed out in the introdw%•in, everaZ revieere he a1.read
e3wamned earlier sperimnensLl work an MQgen difluoride vith the ,ope
of deriving a reliable "best" va", for tka heat of f•a•i of this
compoun. Therefore. Ut purpose of thin diseveajon Is not to oriti-
cally euine the reported data but to rem-4matne t;3 ezperimantal
aroach, in view of 0.he expe•iece vAimd in tb* prXeet sta#* with
more e*ti3s on tho mthods of fandlxg the sal, the mterials
used for apparatus conotructio4 and the analytical mathads used. Tod%
these techniques for reactive 'luarjie c=.Wouo d are better de& loped.

4
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I
J A review of their applicat..on in the earlier studies may show why

the reported values for the heat of formation of this compound
vary from +-.. to -5.2 kcal rol-I.

The reactions studied by von Wartenberg and Klinkott [1] are
given in equations 24-26. Shown also are the reported heats of re-
action at 1910h and the recalculated AHf2 9 8 .15(OF 2 ) [5) based on
current data for the auxiliary reactions.

Ikcal tool"I

(24) F2 0(g) + 2KOH (in excess KOH aq. 40%

= [219 + H2 o] (in sq. XOH) + 02 (g)

29112 91 = -•.7 lcca2 Co" 0.75 kcal oa". +6.9

(25) F20(g) + [6KI + 2HF](in excess aq. sol'n)

S[hKF + 2KI3 + HO](in aq. KI HF solIn)
-ý1 -765 c l -o11

A• 91 -- -176.55 kcal -ol a = 0.82 kcal mol- +i.4

(26) F2 0(g) + 41Br (in excess HBr aq. 45%)

= [2HF + 4Br 2 ] Iin aq. HBr)

" 91= -13L.36 kcal mol- 1  a = 0.51 kcal mol"1 +8.8

Av. +5.7

Von Wartenberv investigated the reactivity of OF2 with several
substances and on the basis of the reaction rates, products formed,
and heats of reaction, aecided that the above three were best for the
thermochemical investigation. They prepared the OF2 used by reaction
of fluorine (prepared in their laboratory by electrolysis of KFo3HF)
with dilute sodimn hydroxide. Their analysis of the OF2 was based on
the reaction: F2 0 + "HI - 41 + 2HY + I0O. Their mperiimntal airange-
ment for the thermochemical study of tk* above rea-ztimw wab the sarae
in each case. A glass spiral (8 turn,!.5 cm tiick tubirg) containing
the solution for the reaction under study was plac~d in a 1-liter
dewar flask filled with rater. OF2 , in a carrier ;ua (uitrogen), %as
bubbled into solution through a narrow opening. .'he tejqerature in-
crease of the calorimeter was masured with a cliibrate4 Beckman
thernnater 4 t~he calorimeter was calibrated with electrical energy.
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According to the authors' appraisal of the experiments on the
three reactions, the first reaction proved to be less troublesome.
Consequently, one could assume that the data for this reaction are
more reliable. Little information is given on the purity of the
oxygen difluoride sample. From the discussion, it can be assumed
that the major impurity is oxygen. It is to be noted that the
method of analysis used by these authors does not yield the amount

of oxygen present. j

Considering the magnitude of the heats of reactions, it seems
possible for one to be able to derive a reliable value for the heat of
formation of OF from each cne of these reactions. This is assuming
that a good anaIysis is obtained for either the products or reactants
and also confirmation is maee that well defined products, as indi-
cated by the equations, are obtained. Though the calorimetric
measurements may be reliable, lack of detail on the analyses of the
OF sample, and of the extent of reactions, makes it difficult to
fairly appraise the accuracy of the values derived for AHf298.35(OF2 ).

The study of the heat of formation of oxygen difluoride by Ruff
and Menzel [2] was designed so that the derived AHf 2 98.15 of OF2
would be insensitive to the possible systematic errors. To aocomplish
this the heats of reaction of 02 and F2 were measured in the reaction
vessel, using the same procedures as used for the reaction of OF2 withI
hydrogen.

Measurements of Ruff and Menzel [2]. j
(27) OF2 (g) + 2H2 (g) + 2NaOH (excess aq. 20%'i = 2NaF (in aq. NaOIl)+ 3H2 0(A)

AH = -254.9 kcal rea1 "I 0.6 kcal tol-1

(28) 2 (g) + H(g)) - Ho(A)

AH - -68.5 kcal mol- a r 0.1 kcal too1-

(29) F2 + H2 + 2NaOH (excess aq. 20%) - 2N&F (in aq. NaOH) + 2 H20 ( l)

AH - -181.7 kcal mol"I a - 1.15 kcal mol"

4Hf 2 9 8 1 5 (OF2 ) " +4.7 kcal mol"I

These authors prepared OF2 by reaction of F2 with dilute aqueous NaOH and
tn.rough fractional disti.2.ation purified the OF2 to a purity of 98.5
percent. For the OF2 sample the aithora determined the density and
analy.ed it by graviretric determination of fluorine and oxidation of
acid solution of potas-aiu iodide. The gravinetrin determination
consisted of first reacting the OF2 with hot 1( nodiu. kqraoxl&, and
then precipitating the F from an alkaline solution u OaF2 . From this
analysis the gas was 70.12%•F2 a-p rd to theoretical aunwt of

07 4?T F2 .

2r. .



For the calorimetric experiments, the reaction ves3el was copper with
a platinum liner. In an atmosphere of hydrogen, the fuel (OF2 ) mixed with
nitrogen, ignited by moans of a high-voltage spark. The reaction vessel
contained a sodium hydroxide solution for reaction with the product
hydrogen fluoride. The solution was agitated by a hydrogen flow which
also pumped the NaOH to the top of vessel to effect complete solution
of the HF. The effluent gases (N2 , xs hydrogen) were passed through
successive columns of concentrated NaOH solution to remove any residual
HF brought from reaction vessel, and CaCL2 and P205, to remove water
vapor. The 02 and F2 experiments were conducted in the same way, mixing
the minor reactant with nitrogen, and reacting in a flame with hydrogen.

It is noted that solution of the HF in the sodium hydroxide in the
calorimeter increases the magnitude of the over-all heat of reaction
for the F and OF2 experiments. However, this criticism is offset by
the fact Uhat such quick trapping of the HF relieves one of the need for
correcting for corrosion by HF. One unexplored side reaction in the
experiments is the possibility of the reaction of the nitrogen with
hydrogen to form ammonia. Tests for amuonium hydroxide and other
possible products of reactions would have provided a more thorough
characterization of the processes which took place,

The most recent of the previous studies of the Aff29 8 . 1 5 (OF2)
is that by Bisbee et al. [3]. By means of bomb calorimitry, they
studied the heat of reaction of oxygen difluoride and hydrogen to give

an aqueous solution of HF. A heat -of-dilution correction is applied
to give the heat of the following reaction:

(30) F20(g) + - H2 o())+ 2HF'aq. w)

j1 098_ - -222.93 kcal mool- 1 ±0.76 kcal mol- 1

A4"2 9 8 [F2 °(g)] - -4.4 kcal mo!

Conceivably, reliable results can be obtained from a bomb calorimetric

study of the system. However, omission of details on the (1) anapise
of the saiple, (2) the technique used to insure mixing of the solution,
(3) the corrosion by the product Fl, and (4) the quantitative basis for
the heat of reaction makes it difficult to evaluate the procedures used
in this experimental study, and try to reflect on how these factors
may have affected the derived heat-of-formation %lue. O* the basis of
the description in the report, it is likely that the OF2 sample used was
not thoroughly analyzed. Oxypn is a usual impurity in the 02 produced

by the present day method (F2 + NaOH) and would certainly reaot with Y2
under the conditions of these experiments. Therefore, a knowled of
its content in the sae le is imortant for correcting for its heat of
reaction with bydrogen. This reflects also a disadvintage of the

iodimutric aethod for analysis of the OF2 sample.

21
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The measurements were made in a stationary bomb, using a fairly
massive internal container for F2 0(g) which was ruptured to initiate
reactions with H2 . The reaction products consisted of H20 and HF in
a condensed phase, formed in the presence of excess HO(A). The
formation of a homogeneouS HF(aq) phase was presumed. However,'
experience in reactions in which condensation occurs in a stationary
bomb indicates that much of the condensation would occur on the walls
and would form droplets of a solution quite different from the bulk
solution. Mixing these two solutions would evolve heat in addition to
that which was measured. The massive F20 ampoule could also retain
significant quantities of heat for an appreciable tine and the complete
equilibration of the heat distribution was not described. Both of these
processes would appear to act in the same direction, causing the measured
amount of heat to be less than could have been evolved if equilibrium
had been achieved. If any error of these types exists in these experi-
ments, a less negative heat of formation would be indicated for F20 than
was reported.

It was reported that there was some corrosion of the bomb parts by
the product HF; a correction for the heat of corrosion was applied to
the data. However, the weight of OF2 sample used in each experiment is
not included among the results. The recovery of HF is reported to be
95%. Therefore, one does not know how the number of moles of OF2 on
which the heat effect is based was derived.

It seems most probable that the OF2 reacted to completion in the
reaction. However, tests on the bomb gases after the reaction would
have provided useful documentary data for the study.

Swmiary of Values for Heat of Formation of OF2

Study Year LHf298-15
kcal mol"1

Ruff and Menzel [2] 1930 +4.7

Wartenberg and Klinkott [1] 1930 +5.7

Bisbee et al. [33 1965 -4.4

Present study 1967 +5.86
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5.2 The Fluorine-W~drogen Reaction

Since the application of fluorine as an oxidizer in calorimetry,
it has become necessary to know accurately the heat of formation of
Iydrogen flu'riOe, both in the gaseous and aqueous phases. The reason
for the importance of the heat of formation of hydrogen fluoride to
the thermochemistry of other compounds, is that reactions of all com-
pounds containing bydrogen with fluorine lead to bhdrogen fluoride as
a product. Therefore, the accuracy of the heat of formation of a
H-containing compound being investigated by either fluorine bomb or
fluorine flame calorimetry depends directly on the accuracy of the
heat of formation of hydrogen fluoride. Thip is analagous to the
importance of the heat of formation of water in thermochemical studies
of reactions involving oxygen and hydrogen. However, a careful study [21]
of the heat of formation of water has been conducted so that this value
is known accurately.

Several problems have deterred such d study of the heat of formation
of bydrogen fluoride. The most prominent of these problems is the poly-
merization of hydrogen fluoride at ordinary temperatures. A thermo-
chemical study of the fluorine-hydrogen reaction at ordinary temperatures
(25-30C) would lead to the heat of formation of HF in the polymerized
state. The equation of state data presently available are not accurate
enough to apply a correction to the thermochemical data to yield an
accurate value for the heat of formation of monomeric HF. The polymeriza-
tion of HF decreases rapidly with increasing temperature. However, the
corrosive nature of elemental fluorine and hydrogen fluoride increases
tremendously with temperatvre. With the availability of corrosion-
resistant materials, a reliable study of this system at high temperatures
(-l00"C) now seems possible.

The hydrogen-fluorine system is currently the subject of much
discussion among investigators who believe that improved thermochemical
data for this system would place calorimetry involving fluorine and
hydrogen-contpaining compounds on a much sounder basis. However, such
discussion has not been paralleled with experimental work. The earlier
study by von Wartenberg and Schftza [35] on the gaseous HF is the most
prominent work in which a direct determination of the heat of formation
of gaseous HF was attempted. Muh later attention was called to the
point that the work of von Wartenberg and SchUtsa in agreement with other
work (9] indicated that the heat of formation of gaseous HF should have
been more negative than the "best" value selected (-64.2 kcal mol- 1 ) at
that time (36]. Shortly thereafter Feder et al. [37] combined the heats
of several reactions determined accurately by fl3orine bomb calorimstry,
and obtained 41 .8(HF) - -64.92 ±.12 kc I MoV * Today the reported
test value for a4 98 is -64.88 koal mol" (7).
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Cox and Harrop [381 have recentl; reported valu.es for L Hf[HF,aq.]
at 298.150 K. The data were derived by Hess' law frcm measurements of
enshalpies of solution of lithium floride and lithium hydrogen
fluoride, the snthalpy of mixing lithium fluoride solution with hydro- F
fluoric acid, and the enthalpy of d-asociation of lithium hydrogen
fluoride. These authors combined the heat-of-formation data for
gaseous hydrogen fluoride derived if Feder# et al., to obtain the heats [
of formation for several hydrofluoric acid solutions. Only the value
reported for AHf (HF.50H2 0) will W considered in this discussion.
Their value for 34tig0H2 0) is -77.422 kcal mo1 1 . The heat of forma-
tion for the same solution, selected by Wagman et al. [7] is
-76.316 kcal mol" 1 . 1he value obtained directly in this study,
-76.68 ±.05 kcal mol- lies between the earlier values.

Sinke (391 and Armstrong and Dcmalski [40,41] have recently derived
heats of formation data for aqueous solutions of hydrogen fluoride.
Similarly, their values le between those reported by Cox and Harrop,
[38] and Wagman, et al (7].

At the present tine it appears that additional work is required
before the heat of formation of hydrogen fluoride and its squeous solu-
tions will be accurately known. It is believed that this work must be
of two kinds: (1) a review of already existing thermochemical data
involving HF; and (2) experimental work designed especially for accurately I
deriving the heat of formation of HF. In contrast to Cax and Harrop's
view we believe that the direct determinations of the heat-of-formation
values from F2, , 1, and H20 should be pursued, in addition to the studies
which seek to derive the data using Hess' law. We acknowledge that
there are many exiterimen1tal difficulties in the direct approach, tut
observations in the present study suggest that reaction vessels can be
constructed, and procedures can be developed for a very careful study .
of the F2 -12 system. Fowever, because of the nature of fluorine and
hydrogen, there is aneed for conducting direct studies in several
laboratories in order to accurately establish the heat of formation of
hydrogen fluoride and its aqueous solutions

5.3. The Heat of Formation of H2O(L)

The study by Rossini (23] was a carefully done investigation of the
heat of formation of water. The study also discusses in detail the
earlier similar work carried out for the purpose of deriving the heat of
formation. Since Rossini's work, Skinner and Filcher (42] have used the
reaction for calibration of their flame calorimeter. As pointed out in
the introduction, the main purpose of the present investigation of this
reaction is to provide in the same apparatus the data needed for calculat-
ing the heat of formatjon of oxygen difluoride. The value obtained here
(-68.32 ±.03 kcal mol-'A) co ares closely with the accepted value
(- 68.32 kMal mol-1) at 298.23 (7] which is based on Rossinis study.
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S .0 Appendix

6.1. Vaporization of kt.ter from the Reaction Vessel

The removal of water from the solution chamber does present a
problem in uaing this design of burner-solution reaction vessel. The
heat of vaporization of the water is superimposed on the usual drift
rate of the calorimeter temperature due to stirring and the temperature
difference between the surrounding constant-tenperature enclosure. If
this heat of vaporization is constant throughout the experiment, it
should not affect the true corrected temperature rise of the calorim-
eter. Realizing this possibility, it was still desirable to eliminate
this heat of vaporization as nearly as possible. To achieve this, the
hydrogen entering the calorimeter was eaturated with water vapor, for
which the heat of condensation would compensate for the heat of vapori-
zation of the water vapor removed by the effluent hydrogen.

The amounts of water vapor carried in and removed from the solution
vessel were measured by weighing the water bubbler and absorber
(magnesium perchlorate) before and after the experiment. The results

from these determinations are given in Table 18. mH20 is the weight
of water vapor removed from the solution vessel by the effluent gas and
M 0 is the weight of water vapor carried into the vessel by the enter-
i hydrogen. m•Onmn.O is the difference between these quantities,
where the minus iBaicites an over-all removal of the H2 0 from the solu-
tion chamber, and the plus an over-all condensation of H20 in the re-
action vessel. The objective was to make this difference as close to

zero as possible.

Several factors in the experiment influence mrO and mo. (1) mH20
is influenced minly by the temperature of the room which, as can be
seen from the table, underwent considerable variation from day to day,
(2) by the fact that the helium flow in the fuel line was not saturated
with H20 before the calorimeter. This resulted in a net removal of
water from the solution vessel by the helium. This is observed in the
calibrations in which there is a consistent net removal of water from
the calorimeter, in spite of the fact that there is no interruption of
the hydrogen flow at all during these calibrations. The average
calorimeter temperalure is higher than the room temperature. This would
also cause more water vapor to be removed from the vessel than is brought
in. However, it is believed that the principal removal of B20 from the
solution vessel is due to the helium flow in the fuel line.

The values for Ako-ftO vary considerably but are consistent for
the 0ý-H2 and F2 0-H2 reactions in most cases showring an over-all addition
of 920 vapor to calorimeter. (3) It is to be noted that part of the
entering hydrogen reacts during the reaction period causing an over-all
condensation of water during this part of the ezperimnt. But the helium
used for flushing the fuel from the fuel line causes removal of water frM
solution vessel.

1.1



I,

L
Talle 18

fl2 H ovHFromfl R&jtJQnnYggelu

vs

WIT0Cr.dense__ In Ves el

Expt. ROOM Cal. Temp [n b
No. Temp. tt0 tH.H

00 0C C'

19 26 T 2.'1 31.77 .8133 .5246 -.2787
19 26 . 28.98 I31.77 .8084 ..413 3271
2') 26.5 28.Q7 31.79 .7025 , .46,44 -.38
21 27.n 28.18 31.78 .7478 .4637 I -. 2841

_______1~~~_____ _______

- -T____ va Hvro Reaction. T_____I T
35 26.2 28.98 31.75 .668- •6483 ,1 -. 0197
36 25.7 28.96 31.80 .6483 .7264 +.0781
37 27.4 28.97 31.89 .8313 1.0051 j +.1738
40 25.5 28.97 31.66 .8676 .8887 +.0211
41 27.1 28.97 31.67 .9486 .9740 +.0245
42 25.9 , 28.97 31.67 .9345 .9461 +.0116

Ocygen Difluoride - Hydrogen Reaction
23 24.51 2S.97 31.8 .5 -5656 +.f190

26 23.:8 28.97 ?1.77 .7458 .715 -. 0323
27 24 , 28.99 31.75 7069 .7288 +.0219
31 25 , 28.97 31.75 .6102 .680W +.0703
32 25.9 I 29.11 ' 31.90 .5034 .6186 I.1152

_. luorQrfe - aAr .

53 26 28.97 1.74 1.40M 1.0715 -. 3285
5 27.: 2?.66 ,3180 1.290$ 1.012 -.2781
52 27.5 2? 67 31.78 1,1670 1J.03-96 j-.1274
5 25.' 2-.66 31.83 .9l0 .8310 -.15•1
49~ 2?.5 28.98 I31.25 1.tn9# 1.n397 -.O59?1

2. 26.8 2 2.82 31.74 .83.1 .7853 -. 0578
"27.2 29.46 31.73 10606 .9651 .1955

!S,26.5 2..290 W7 .7323%14
59 23.8 28.97 31ý64 i.#2 70 - ~ 2
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All of tiese factors iniluenoe m'o-mý{0 for the F -R reaction,

in addition to the fact (b) that per mole i'luorine requires for re-
action only one mole or hydrogen, causing less water to be condensed
in the solution vescelo This larger amount of effiuent hydrogen,
anu the helium used. fbr flueh~ng Aluorine from the iue! lines remov.e

an mount of ;%ter from the calorimeter which more than oopenvates
for the water oondensed by the reacted hydro en. This results in u net
reamoal of voter Lrm the solution vessel* It io believed that, in spite
of our inability to adjust 0 -k.O. to zeros saturating -he entrering

hydrogen with water does improve the experimental procodirese

The tte t to saturate the hydrogen Aith water possibly could be
improved by thermostatting the nubblers at the average temperature
of the calorimeter, (2) measuring carefully the amount of helium used,
and (3) calibrating the calorimeter, using no gas flow.

682. Correction for the Tomperixft the Games

The heat exchanger for the inlet and outflowing gases is a simple
version of the zhell-cnd-tube heat exohangers ihich are discussed in
various books on heat transfer &s441. In these books, heat-exchange
equations are derived for more complicated exchangers than the one
used on the present reaction w•ael. Therefore, these equations
are not considered further. To obtain the oorrection necessary for
the taye*ritg or peaheating oI the sases, each gas used in the experi-
ment -is considered separately, on the basis of whether it enters and
leaves th.e clore6eter, o'6 erters the calorimeter and is reacted.
During the. Aitial (hdrogen) and fntil (Oelium and hydrogen) drift
Periods, the -,gases eoter and. ledwe the calorimeter without reaction*
'In Ie reaction periods the oxygen and port of the hydrogen are reacted.
The aketch below shows how the gases enter and lelr the exchanger.

R4 outlet

02 inlet

32 inlet
(Arrows indicate direction, of flow of gauese)

The pses at roam te•mýoatweu (tr) are broug4ht into the ealort-
mutor and reheated or tlmpred up to the referece temperture (tI.,-)
The trenro¢ temperatwue is the tempriture at which the roaotion ?1 0-
duated. It is eouivalmnt to t', the aid tcaperature bet"een the

I.. 221
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initki'l arnd Cirial tnmogeraturos of thc calorimieter. Upon 2aavirzg the
calorimeters the rages are cooled from tref to scnm tem~eratures tout.
t,)t is not rivasurod in the extvuimint, Here it Is assumed that I
tout is eqiw.1 4 o tJ14 tem-porattre of the enterrm gases at the crtlorimntor
boinaryT. 7hiiz Man:.- tha~t if a gas entera and !aoJYL-s the caloritvtars
ft carrice no boat frnm thc calori~rcter. In thiss cane,. q~p (Sef. Table 5) ~
L- zuro for -n affluent -ats which enters the calorirmter, but ic not zero
for tha reacta'nts., a.nd Por Vic pr.iduct3 whiich A.-C rcr~i.v'-d fron thc 1
ecilorinetor.

In th~z.sc oxpurimncts all of the products romnirwd in the cnloriiactcr.
UuirE the oxyrreri-hydr~oecn reaction ao an examiples qnp cmn be d~erived
aa follm ua

n'ractod - nupber or moles of owen rr atA-rinzw calorimester

fllit - nwbcr o.C uux2al of oxygen leavitr ca1lrizmter 0

021

CP0 2) - heat capacity of oxygen

t.r -oo temperature

ref avt.. (See Table 4&)1

~ reacted
%L~rba Op(02) X (trg - t1 .)

q202 zeit

&;Srb~ n~pe (becmaue exit

~iit -mter of moljs of effluent tiydzvf n

gdflt - nutler or molas of hyz'ogui etmrine reaction vessel
H 2

QPU) fett capacit~y ot kqdmeen

M12 -ARmlnt, of heat released by 1to*.-'en upon leavire tic
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O~rbsbd"'NN12  x Ckf X (trsf tr)

442 *3dt

ont eacted
x IpH2 (trof toutT h e u r b r o m o e s f ~ rq 2 n r a t d i a l u a e z ~ h

qua ti y t zy e~ re cte , ~ ich 15 Ie su2dan)q 2 q
Ib~fd rl
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13 ABSTRACT

The results of a precise entrainment (tranrpiration) study of the sublimation
of ANFA(c) were combined with published dava to give new vAlues for the
thermoaynamic properties of AS 3 (g) and AA F6 (g). A final revised report on
high-tmperature mass spectrome ry of the AeO-Be' 2 eystem discusses inter-
fering ion intensities, and evaluates the *eat of sublimation of BeF (gA) and
the sta'ndard heat of Armation of Be 2 0F2 (g). A quadrupole mass spectrometer
appears to have shown that liquid AA20 loses oxygen and becomes non-stoichiontric,
a result consistent with the earlier ABS dLscovery of an irreversible change in
sublimed A12O (c). To illustrate light-elJaent hydroxide molecules, CsOH(g)
and CsOD(g) showed high-temperature microwtve spectra indicative of a3linear
or near-lirnar molecule, a low-frequency lirge-amplitude benilng vibration
producing an unusua=2 variation in the rotaioinal constant, and a highly ionic
Cs-O band. The dipole moment also was derived. From the current revision of
NBS Circular 500, recommended values of AHL o8 for 39 Be-containing substances
(including different states) of special inV st are given, together with
discussions of the underlying published data. Recent design and experimental
studies have led to a proposed feasible procedure for automatic power measure-
mant to complement the existing MBS automatic temperature measurement in
precise low-temperature heat-capacity calosimetry. (U)
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